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Abstract
Denitrification is an important process of global nitrogen cycle as it removes
reactive nitrogen from the biosphere, and acts as the primary source of nitrous oxide
(N2O). This thesis seeks to gain better understanding of the biogeochemistry of
denitrification by investigating the process from four different aspects: genetic basis,
enzymatic kinetics, environmental interactions, and environmental consequences.
Laboratory and field experiments were combined with modeling efforts to unravel
the complexity of denitrification process under microbiological and environmental
controls.
Dynamics of denitrification products observed in laboratory experiments revealed
an important role of constitutive denitrification enzymes, whose presence were
further confirmed with quantitative analysis of functional genes encoding nitrite
reductase and nitrous oxide reductase. A metabolic model of denitrification
developed with explicit denitrification enzyme kinetics and representation of
constitutive enzymes successfully reproduced the dynamics of N2O and N2
accumulation observed in the incubation experiments, revealing important regulatory
effect of denitrification enzyme kinetics on the accumulation of denitrification
products. Field studies demonstrated complex interaction of belowground N2O
production, consumption and transport, resulting in two pulse pattern in the surface
flux. Coupled soil gas diffusion/denitrification model showed great potential in
simulating the dynamics of N2O below ground, with explicit representation of the
activity of constitutive denitrification enzymes. A complete survey of environmental
10

variables showed distinct regulation regimes on the denitrification activity from
constitutive enzymes and new synthesized enzymes. Uncertainties in N2O estimation
with current biogeochemical models may be reduced as accurate simulation of the
dynamics of N2O in soil and surface fluxes is possible with a coupled
diffusion/denitrification model that includes explicit representation of denitrification
enzyme kinetics.
In conclusion, denitrification is a complex ecological function regulated at
cellular level. To assess the environmental consequences of denitrification and
develop useful tools to mitigate N2O emissions require a comprehensive
understanding of the regulatory network of denitrification with respect to microbial
physiology and environmental interactions.
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Chapter 1 Introduction

Denitrification is the reduction of nitrogen oxides, which enables microbes to
maintain respiratory metabolism when oxygen is limited. During denitrification
process, nitrogen oxides are used as electron acceptors by an electron transport chain
similar to that used in aerobic respiration (Zumft, 1997). The complete
denitrification comprises four steps, in which nitrate (NO3-) is converted, via nitrite
(NO2-), to nitric oxide (NO) and nitrous oxide (N2O), and then to the inert gas
dinitrogen (N2). Four enzymes are required sequentially to reduce NO3- to N2,
including nitrate reductase (NAR), nitrite reductase (NIR), nitric oxide reductase
(NOR), and nitrous oxide reductase (N2OR), acting as a module that allows
accumulation of intermediate products during denitrification.
Microbial denitrification is the dominant source of atmospheric N2O, which is not
only a long-lived greenhouse gas, but also contributes to stratospheric ozone
depletion (Ravishankara et al., 2009). Recent measurements from Antarctic ice core
suggest that the atmospheric mixing ratio of N2O has increased by 21% during the
last 200 years (MacFarling Meure et al., 2006), and this trend is likely to continue in
the coming decades due to soil emissions. The IPCC AR5 estimated that current
natural sources of N2O is about 11 Tg N2O-N yr-1, with soils under natural vegetation
contributing about 60% (Ciais et al., 2013). Agricultural soil emission owing to the
application of N fertilizers has been estimated at 4.2 Tg N2O-N yr-1, accounting for
66% of global anthropogenic emissions. Modeling studies project an annual emission
12

of 9.0 Tg yr-1 from agricultural soils in 2050 (Bouwman et al., 2013). Although
considerable improvement in our understanding on soil N2O emissions has been
made over the past decades, effective mitigation for N2O emissions remains a
research frontier and challenge.
Emissions of N2O from soil are episodic and primarily occur as short pulses
following fertilization and precipitation events (Barton et al., 2008, Nobre et al.,
2001, Parkin & Kaspar, 2006). Large proportion (>65%) of annual N2O emissions
occurs over time scales of hours to weeks in response to management practices and
climate events (Venterea et al., 2012). Although we identified important
environmental factors controlling denitrification activity, i.e., oxygen, nitrate and
available carbon, it is still difficult to quantify and model the hotspots and hot
moments in N2O emissions. As a microbial mediated process, denitrification is
controlled by both the soil physical conditions, and the denitrifying community in
soils. Soil environments strongly affect the distribution and diversity of denitrifying
community, and also the spatial and temporal location of denitrification. Thus, it is
important to understand that a complex and interactive number of factors are
involved in the regulatory network of denitrification and subsequent N2O emissions.
In particular, it is critical to understand the factors that regulate the synthesis and
activation of denitrification proteome and drive the wider ecology of the
microorganisms involved.
ENZYMES IN BACTERIAL DENITRIFICATION
13

Denitrification requires four reductases to sequentially reduce NO3- to N2. The
structures of denitrification enzymes (i.e., NAR, NIR, NOR, and N2OR) have been
characterized during the past decade or so (Einsle et al., 1999, Hino et al., 2010,
Matsumoto et al., 2012, Moreno-Vivian et al., 1999, Murphy et al., 1997, Pomowski
et al., 2011, Richardson et al., 2001, Sato et al., 2014, Shiro, 2012). These include
two dissimilatory nitrate reductase, two types of nitrite reductase, two types of nitrite
reductase, and a N2OR with copper-sulfur cluster.
Two types of dissimilatory nitrate reductases are present in bacteria: the
membrane-bound NAR, and the periplasmic NAP. Membrane-bound NAR contains
a catalytic subunit with molybdenum cofactor, an electron transfer subunit with four
iron-sulfur centers, and a membrane biheme b quional-oxidizing subunit (MorenoVivian et al., 1999). NAR proteins are synthesized during anaerobic growth, via O2sensitive DNA-binding protein FNR (fumarate nitrate reduction regulatory protein)
that senses the environmental O2 tension using an iron-sulfur cluster. The
periplasmic NAP system also involves molybdenum cofactor and iron-sulfur center
binding. However, NAP system does not response to O2 inhibition, and it may be
critical for denitrifiers preforming aerobic denitrification (Moreno-Vivian et al.,
1999).
The reduction of NO2- to NO is catalyzed by two completely different types of
nitrite reductase: cytochrome cd1 (encoded by nirS) and Copper-containing nitrite
reductase (encoded by nirK) (Zumft, 1997). Cytochrome cd1 nitrite reductase is a
14

homodimer and each domain contains one heme c and one heme d1. A heme iron
nitrosyl intermediate (Fe+ íNO+) is proposed in the mechanism for NO production
(Murphy et al., 1997). Nitrite binds to the ferrous heme d1 to form NO and displace
this reaction product from the ferric heme. Copper-containing nitrite reductases are
trimer proteins composed of three identical subunits. Each monomer contains two
copper ions, type I and type II copper site. Type I copper site transfers an electron
from the redox-partner protein to the catalytic type II copper site, where NO2- is
bound and reduced to NO (Nojiri et al., 2009).
Nitric oxide is an intermediate product in the denitrification process, however,
due to its cyto-toxicity, it is usually scavenged by NOR immediately after its
production. The molecular structure of NOR is solved very recently, and two distinct
types of bacteria NORs were reported: cytochrome c-dependent NOR (cNOR) from
a Gram-negative bacteria, and quinol-dependent NOR (qNOR) from a Gram-positive
bacteria (Hino et al., 2010, Matsumoto et al., 2012). Among the two types of NORs,
cNOR is more extensively studied. cNOR is a membrane-integrated iron-containing
enzyme consisting two subunits, NorB and NorC. NorB subunit contains heme b and
a binuclear catalytic center that consists of heme b3 and one non-heme iron FeB
(Hino et al., 2010). The binuclear center binds and activates two NO molecules
forming the N-N bond of N2O. To accommodate two NO molecules, further
conformational changes at the binuclear center is required to position two NO
molecules to form N-N bond (Shiro, 2012).
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Nitrous oxide is a kinetically inert gas, and the only known enzyme that capable
of reducing N2O to N2 is the respiratory N2O reductase (N2OR). N2OR is a copperdependent enzyme located in the bacteria periplasm. Recently structural evidence
reveals that N2O binds side-on at a [4Cu:2S] copper sulfur cluster (CuZ), in close
proximity to the other multi-copper center CuA in N2OR (Pomowski et al., 2011).
Electron from cytochrome c is transferred to the catalytic center CuZ via CuA, and the
reduction takes place in a hydrophilic, distal chamber, allowing the product N2 exits
Cuz center via a hydrophobic channel to the protein surface. The structural data also
demonstrates a redox-inactive form of CuZ, which contains only one sulfide ion,
[4Cu:S]. The formation of [4Cu:S] is possibly due to the removal of the bridging
sulfur by diffused O2 (Pomowski et al., 2011).
The structural and functional characterization of denitrification enzymes
demonstrated their high dependency on metal cofactors. The four denitrification
enzymes obtain electrons from a common source, branched quinol/cytochrome c
pool, moving protons from the cytoplasm to the periplasm (Richardson et al., 2009).
This protonmotive force drives the synthesis of ATP, thus the denitrification
pathway is similar to the oxygen respiratory system. Denitrification is primarily an
anaerobic process, and sensors for effecting the change from O2 respiration to
denitrification are key regulators on the synthesis and activation of denitrification
enzymes. O2-sensitive DNA-binding proteins found in the regulatory network of
denitrification include FNR (fumarate nitrate reduction regulatory protein), that
measures the level of O2 using an iron-sulfur cluster, as well homologues of this
16

protein, NNR (nitrite and nitric oxide reduction regulatory protein) (Bergaust et al.,
2012, Mazoch et al., 2003). The NAR, NIR and NOR are generally tolerant of O2, as
both NOR and the iron-containing cytochrome cd1 NIR can catalyze the fourelectron reduction of O2 to water (Richardson et al., 2009). On the other hand, the
catalytic site in N2OR can be irreversibly damaged during transient exposure to O2.
CELLULAR LEVEL REGULATION ON DENITRIFICATION
The accumulation of denitrification intermediates is controlled by the enzymatic
rates (Betlach & Tiedje, 1981), which is determined by the cellular abundance and
activity of denitrification enzymes. Studies demonstrate that enzyme abundance and
activity are governed by abiotic factors inhibiting one or more enzymes (Bateman &
Baggs, 2005), differential transcription of functional genes encoding the enzymes
(Bakken et al., 2012), or absence of functional genes within genome (Jones et al.,
2014).
Denitrification is energetically unfavorable comparing with aerobic respiration,
but a minimum expression of denitrification enzymes may be necessary for survival
during rapid transition from aerobic to anaerobic conditions. Expression of NAR,
NIR, and NOR under micro-aerobic or aerobic conditions is a common phenomenon
among denitrifiers from the environment (Ka et al., 1997, Lloyd et al., 1987), and is
generally understood as a protective mechanism against cytotoxic concentrations of
nitrite and nitric oxide (Knowles, 1982). Persisted NAR, NIR, and NOR under
micro-aerobic conditions was reported at both enzyme level and gene transcriptional
17

level (Dendooven & Anderson, 1994, Mazoch et al., 2003). However, persistence of
N2OR was reported to be low under aerated conditions (Dendooven & Anderson,
1994), mainly due to its fragility to O2 exposure at the catalytic center.
De novo synthesis of denitrification enzymes was likely to follow a sequential
order: NAR was formed within 2-3 h, NIR between 4-12 h, and N2OR between 24
and 42 h after anaerobiosis was imposed (Dendooven & Anderson, 1995).
Transcriptional analysis on cultured Pseudomonas fluorescens C7R12 during transit
from aerobic to anaerobic conditions showed sequential induction of the
denitrification enzymes (Philippot et al., 2001). However, expressions of
denitrification enzymes are not always regulated coordinately. For instance, soil
bacterium Agrobacterium tumefacien was unable to express NIR and NOR in a
balanced way, leading to extremely high emissions of NO. In contrast to A.
tumefacien, studies on Pseudomonas denitrifican showed that N2OR was expressed
much earlier than NIR and NOR (and possibly NAR as well), resulting in only trace
amount of N2O emissions (Bakken et al., 2012). Several denitrifying bacteria were
even reported lack of nosZ (coding for N2OR) gene on their complete genome (Jones
et al., 2014), resulting in obvious high N2O: N2 ratios of denitrification.
In general, nosZ (encoding N2OR) expression appears to lag behind expression of
the genes for the other redutases, when bacteria are going through transition from
aerobic to anaerobic conditions, resulting in transient accumulation of N2O
(Dendooven & Anderson, 1994, Dendooven & Anderson, 1995, Firestone &
18

Tiedje, 1979, Holtan-Hartwig et al., 2000, Philippot et al., 2001). The recurring
observation suggests a common regulatory pattern in denitrifying communities,
which could be ascribed to enzyme kinetics either alone, or together with sequential
gene expression. Relative N2OR activity (compared to that of the other reductase) is
the intracellular control on the transient accumulation of N2O and delayed production
of N2. As the only known enzyme that acts as biological sink of N2O, N2OR is the
key controlling factor on N2O:N2 ratios from denitrification, which may provide
possible intervention in the increasing soil N2O emissions.
Although a regulator pattern of denitrification enzymes has been revealed with
various observations, it is still difficult to generalize the product stoichiometry with
selected denitrifying strains regarding their enzymatic kinetics and propensity of
emitting N2O, as the converting efficiency is an ‘intrinsic’ propensity for different
denitrification phenotypes, or even different strains (Bakken et al., 2012, Cavigelli &
Robertson, 2001, Cheneby et al., 2004). Accumulation of intermediates can arise due
to either abiotic factors inhibiting one or more enzymes, differential transcription of
functional genes, or can be genomic. There’s still a need for physiological
experiments to characterize the key parameters in enzyme kinetics.
MICROBIAL KINETICS OF DENITRIFICATION
The kinetics of denitrification has been explicitly modeled with emphasis on the
transient accumulation of N2O. A simple model initiated by Betlach and Teidje
demonstrated a Michaelis-Menten type kinetics control on the accumulation of
19

nitrogen oxides (Betlach & Tiedje, 1981). The delayed N2O reduction was
interpreted by low affinity for N2O in the kinetic expression (Dendooven et al.,
1994). An updated kinetics model incorporated competitions for electrons between
alternative reductase through a double substrate Michaelis-Menten kinetics (Almeida
et al., 1997, Thomsen et al., 1994). This frame structure still underlies most kinetic
models of denitrification. A recent model decoupled carbon oxidation and nitrogen
oxide reduction by introducing reduced and oxidized electron carriers in the
Michaelis-Menten kinetic expression (Pan et al., 2013), and different affinity
constants were proposed to demonstrate election competitions. These models
successfully simulated transient accumulation of N2O and could be used for
predictive purposes. However, their predictive power is very questionable at finer
temporal and spatial resolution, considering that a true representation of the explicit
drivers for denitrification, denitrification enzyme dynamics, is missing. A novel
metabolic model of denitrification developed with A. tumefaciens (lacked nosZ gene)
incorporated enzyme dynamics using transcripts as a proxy of active enzymes, and
successfully explained the sequential accumulation of NO and N2O (Kampschreur et
al., 2012).
Current advances in molecular biology reveal many functional genes and
elements of regulatory networks for denitrification. Induction of denitrification
pathway is regulated by multiple promoters for gene expression. The transcriptional
regulators and ancillary factors for the transcription of genes coding for the
individual reductases reported includes oxygen, nitrite, and NO (Bergaust et al.,
20

2012, Mazoch et al., 2003). Detailed study characterizing the overall response from
combined individual transcriptional regulations has demonstrated that unbalanced
expression of denitrification genes is responsible for the different reduction rates
between neighboring reactions (Bergaust et al., 2008). With our increasing
understanding of the regulatory metabolism of denitrification, the enzyme dynamics
can be lumped to transcriptional level regulations (Kampschreur et al., 2012), which
might be further applied in kinetic models for better representation of the real-time
status of the denitrification enzymes. Kampschreur’s pioneer work is a good
demonstration for such application in advancing our understanding of the regulation
of denitrification process.

DENITRIFICATION IN BIOGEOCHEMICAL MODELS
Biogeochemical models are mostly designed to simulate C and N transformations
in the ecosystem. Simplification is necessary for the purpose of ecological modeling,
thus empirical relationships between N2O and N2 production from denitrification,
and environmental variables are widely used. Biogeochemical models have been
mostly tested on their ability to reflect the order of magnitude of major N2O peaks
rather than on their capacity to reproduce correct emission kinetics. Modeling on the
temporal variations in surface N2O fluxes is still quite challenging due to the lack of
physiological basis of denitrification. Simplified representation of denitrifying
communities based on relatively antique parameters for enzyme and growth kinetics
21

is limiting the predictive power of current biogeochemical models. It seems likely
that the current biogeochemical models could be improved with implementation of
explicit microbial kinetics.
One of the major difficulties in the application of microbial kinetics of
denitrification into biogeochemical models is the lack of direct observations in the
field. The regulatory network of denitrification is still mainly limited to laboratory
studies of microorganism and soils under controlled conditions. Lacking of process
level understanding of N2O production and consumption in the field is one of the
major limitations in the effort to locate the “hot spots” of the very dynamic N2O
production within the soil (Butterbach-Bahl et al., 2013). In this thesis, a
comprehensive study of the mechanisms involved in the response of soil microbial
processes following precipitations with synergistic experimental and modeling
approaches was conducted to advance our understanding of the biological and
physical regulations of N2O emission, and improve our assessment of N2O
inventories under future climate change scenarios.
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Chapter 2
Modeling Nitrous Oxide Production and Reduction in Soil Through
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ABSTRACT: Predictions of nitrous oxide (N2O) emissions from soil using
denitrification models, which are based on empirical relationships between microbial
production of N2O and molecular nitrogen (N2) and measureable soil properties, are
typically associated with large uncertainties. Current advances in molecular biology
reveal elements of transcriptional and post-transcriptional regulatory networks for
various denitrifiers that provide a robust regulation of the metabolic response of the
denitrification pathway to environmental changes. Thus, including enzyme kinetics
in denitrification models is expected to improve simulations of N2O emission
dynamics. In the subject study, a metabolic model of denitrification based on dual
substrate utilization and Monod growth kinetics was developed with explicit
representation for denitrification enzymes. Parameterizations were developed from
observations of the dynamics of N2O production and reduction in soil core
incubations with chloramphenicol and acetylene treatments. The model successfully
reproduced the dynamics of N2O and N2 accumulation in the incubations and
I
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revealed an important regulatory effect of denitrification enzyme kinetics on the
accumulation of denitrification products. Constitutive denitrification enzymes
contributed 23, 22, 48, and 78% of the N2O that accumulated in 48-hr incubations of
soil collected from depths of 0-5, 5-10, 10-15, and 15-25 cm, respectively.
Incorporating explicit representations of denitrification enzyme kinetics and
including parameterizations for constitutive enzymes in process-scale models is a
promising approach for simulating dynamics of the production and reduction of N2O
in soils.

INTRODUCTION
Application of nitrogen fertilizers to agroecosystems stimulates denitrification and
accelerates emissions of nitrous oxide (N2O), which represent about 30% and 70% of
global and U.S. emissions, respectively.1-3 Nitrous oxide is a more potent greenhouse
gas than carbon dioxide (CO2) and methane and the principal biogenic source of
nitrogen oxides in the stratosphere, which contribute to destruction of the ozone
layer.4,5 Several mechanistic models have been developed to simulate emissions of
N2O from soil with high spatial and temporal resolution.6 Parameterizations of
denitrification in DAYCENT, DNDC, DAISY, and ECOSYS assume changes in
substrate concentrations are proportional to the size of substrate pools, simple first
order kinetics, and the growth of denitrifiers.7-10 However, uncertainties in modeled
emissions of N2O from arable land are large6,11 and might be reduced through more
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explicit representation of denitrification enzyme kinetics in process-scale models of
N2O emissions from soil.
Denitrification enables microbes to maintain respiratory metabolism when
molecular oxygen (O2) is limited and proceeds when respiratory consumption of O2
by plant roots and soil microorganisms exceeds O2 diffusion from the atmosphere.12
Nitrogen oxides are used during denitrification as electron acceptors in an electron
transport chain similar to the chain used in aerobic respiration.13 Nitrate (NO3-) is
reduced sequentially to nitrite (NO2-), nitric oxide (NO), N2O, and ultimately to
molecular nitrogen (N2). The sequence of enzymes that catalyzes denitrification are
NO3-, NO2-, NO, and N2O reductases, i.e., NAR, NIR, NOR, and N2OR,
respectively.
Denitrification is energetically unfavorable compared to aerobic respiration;14
however, a minimum expression of denitrification enzymes may be necessary for
survival during the rapid transition from aerobic to anaerobic conditions. Aerobic
denitrification was reported for a wide range of denitrifiers,13,15-18 which might be
attributed (1) to activities from pre-synthesis of the denitrification proteome19 that is
preserved in soil microsites or (2) a constitutive denitrification pathway that is not
controlled by induction and repression.15 Constitutive expression of NAR, NIR, and
NOR at a high O2 level is a common phenomenon among denitrifiers isolated from
the environment,15-18 which is generally understood as a protective mechanism
against cytotoxic concentrations of NO2- and NO.13,20 Regulatory controls on
constitutive denitrification depend on enzyme and transcription level and not on
32

differences in O2 sensitivity of the reductases.13 Persistence of N2OR relative to the
other denitrification enzymes is low under aerobic conditions;21 however,
constitutive expression of N2OR was occasionally observed.22 Formation of N2OR is
more likely to be associated with microbial biomass growth as there appears to be no
physiological gain from N2O reduction in the presence of other, more energetically
favorable electron acceptors.23
Expression of nosZ (coding for N2OR) during the transition from aerobic to
anaerobic conditions appears to lag behind expression of the other reductase genes,24
resulting in transient accumulation of N2O. Soil incubations showed de novo
synthesis of N2OR appeared 16-33 h after the establishment of anaerobiosis.25 Low
persistence of N2OR in combination with a lag in activity resulted in a high
N2O:(N2O+N2) product ratio as anaerobiosis was rapidly induced.21 After
anaerobiosis was imposed, de novo synthesis of NAR, NIR, and N2OR were found to
occur after 2-3, 4-12, and 24-42 hr, respectively.26 Transcriptional analysis of
cultured Pseudomonas fluorescens C7R12 during the transition from aerobic to
anaerobic conditions also demonstrated sequential induction of the denitrification
enzymes.27
The simple model of denitrification developed by Betlach and Tiedje used
Michaelis-Menten type kinetics to explain accumulation of N2O in the headspace of
aqueous soil slurries.28 Dendooven et al. simulated the delayed reduction of N2O to
N2 by reducing the value of the N2O affinity constant in the kinetic expression.26
Dual substrate, Michaelis-Menten kinetic models, which incorporate competition
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between reductases for electrons, have also been developed.29,30 Pan et al. decoupled
carbon oxidation and nitrogen oxide reduction in a denitrification model by
introducing reduced and oxidized electron carriers in the Michaelis-Menten kinetic
expression and by using different substrate affinity constants to explain competition
for electrons.31 However, denitrification enzymes that mediate the reactions are not
equally induced by substrates and inhibited by O2.32 Lack of representation of
denitrification enzyme dynamics from the aforementioned models limits the ability
to accurately predict production and reduction of N2O in soils.
A novel metabolic denitrification model was developed using a pure culture of
Agrobacterium tumefaciens that lacked the nosZ gene.33 The model incorporated
enzyme dynamics using transcripts as a proxy of intracellular enzyme concentrations
and was able to simulate the sequential accumulation of NO and N2O. An
unbalanced expression of NIR and NOR was theorized to be responsible for
accumulation of NO during the culturing of A. tumefaciens and was explicitly
represented in the model with different reaction rates for NO production and
reduction in the denitrification pathway.34
Enzyme dynamics of the model strain A.tumefaciens were explained at
transcription level through advances in understanding of the regulatory metabolism
of denitrification. Inoculating 47 soils containing a diverse population of denitrifiers
with A. tumefaciens, which lacks N2OR, revealed the indigenous denitrifying
community to be an efficient N2O sink.35,36 The conversion efficiency for N2O to N2
is an intrinsic property of different denitrification phenotypes,32 and even different
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strains, and thus, generalizing denitrification product stoichiometry to enzyme
kinetics and the propensity for emitting N2O using selected strains remains
problematic.32,37,38
Here we apply a dual substrate utilization and microbial growth kinetics model to
simulate dynamics of N2O production/reduction in aqueous soil slurries incubated
under anaerobic conditions. We adapted the concept of constitutive enzymes to
separate denitrification activities of pre-synthesized denitrification enzymes from de
novo synthesized enzymes; however, the pre-synthesized enzymes may not be
strictly constitutive. Thus, treatments with chloramphenicol, which inhibits de novo
synthesis of denitrification enzymes, were used to evaluate the activity of
constitutive denitrification enzymes. Treatments that included addition of
chloramphenicol and acetylene were used to examine the constitutive level of N2OR
in the soil. Enzyme saturation factors for the denitrification enzymes were derived
from the experimental data to approximate active enzyme concentrations. The model
accurately predicted the dynamics of N2O production/reduction in soils after the
onset of anaerobiosis when explicit representation of the constitutive enzyme
kinetics was included.
EXPERIMENTAL SECTION
Soil collection and analysis. Soils were collected 19-26 August 2012 as part of a
rainfall simulation study39 at the Bondville, Illinois AmeriFlux site (40°00ƍN,
88°18ƍW). No-till agriculture has been practiced at the site for more than 20 a, and
soybeans and corn have been rotated annually since 2000.40 The soil type is silt
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loam, with an average porosity of 45% between 0-50 cm and an inorganic fraction
composed of 25% clay, 70% silt and 5% sand.40,41
Soil samples were collected in-the-row of soybean down to a depth of 25 cm using
a 1.27-cm o.d. stainless steel sampler (AMS, Inc. American Falls, ID) and sectioned
into 4 depth increments (i.e., 0-5, 5-10, 10-15 and 15-25 cm). Soil core sections
were stored in 15-mL sterile plastic tubes (Fisher Scientific, Pittsburgh, PA), flashfrozen in the field in liquid N2, and transported to the laboratory in a liquid N2 dewar
(PrincetonCryo, Flemington, NJ). Briefly, subsamples from soil cores sections were
sieved (4 mm) prior to analyses of soil pH, NO3-, extractable organic carbon (i.e.,
dissolved organic carbon; DOC), and microbial biomass carbon (SMBC). Soil pH
was determined in a soil suspension using the 1:1 slurry method. The DOC and soil
soluble N were extracted with potassium sulfate and analyzed with a TOC Analyzer
(Sievers 900, GE Analytical Instruments, CO) and Rapid Flow Analyzer (Perstorp
Analytical Inc., Silver Spring, MD), respectively. The SMBC was determined
through a correlation with the phospholipid fatty acid (PLFA) content of soil42,43.
Lipids were extracted from freeze-dried soils with chloroform-methanol44 and the
methylated PLFAs were quantified by high-resolution gas chromatography with
flame ionization detection (FID; HP6890; Agilent, Palo Alto, CA). Calculation of
SMBC was based on the following correlation:39
SMBC=4.5 PLFAT +33 (R2=0.85)
Where SMBC and total PLFAs (PLFAT) are expressed as g C g-1 and nmol g-1.
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Soil Incubations. Subsamples of soil core sections (3 g) sampled before the
rainfall simulation were added to 40 mL amber vials containing 5 mL of synthetic
rainwater and sealed with mininert valves (Sigma Aldrich, MO). The average
volumetric air content was between 40-50% before the incubation. Levels of
chemical constituents in the synthetic rainwater were determined from the average
concentrations in annual precipitation.45 Air was evacuated from the vial headspace
for 30 min and replaced by helium (He) for a total of 3 times to reduce headspace O2
levels to 0.1-0.5% (v/v). Treatments with chloramphenicol (CHL; 2.5 g L-1) were
used to inhibit protein synthesis.21 To inhibit N2OR, which reduces N2O to N2, 3.5
mL of He was removed from the headspace and replaced with acetylene (C2H2) to
make the headspace concentration 10% v/v. Vials with the various treatments were
prepared in triplicate, incubated at 25qC, and gently mixed on a rotary shaker (250
rpm).
The headspace of each vial was sampled at 0, 3, 6, 12, 24, 36, and 48 h to match
the sampling schedule of the rainfall simulation study. Samples of headspace were
injected into a 1-mL stainless steel sample loop connected to a 2-position, 6-port
valve (VICI, Houston, TX) upstream of a high-resolution gas chromatograph with
electron capture detector (ECD; HP5890; Hewlett Packard, Palo Alto, CA). The N2O
was separated from other electron capturing species with a 30-m u 0.530-mm fused
silica capillary coated with a 3.00-Pm carbon film (GS-CarbonPlot; Agilent). The
carrier and ECD makeup gases were He and N2, respectively. The C2H2 diminished
sensitivity and impeded recovery of the ECD, and thus, was removed from the
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column effluent by redirecting the column flow through a 2-position, 4-port valve
(VIVI) to an FID after N2O eluted from the column. The precision for N2O
quantitation was better than 2% and the detection limit was less than 5 ppbv.
Model development. The model is based on dual substrate utilization and Monod
growth kinetics.29,30 Microbial oxidations of C via use of O2, NO3-, NO2-, NO, and
N2O as electron acceptors are considered and stoichiometric relationships are
obtained through electron balance between the C source and electron acceptors.
Microbial mediated transformations are assumed to occur in the aqueous phase with
equilibrium established for gases (O2, NO, N2O and N2) between the gas and
aqueous phase according to Henry’s Law. All chemical species follow a timedependent mass balance in the gas and liquid phase. The specific reaction rate
follows Monod microbial growth and substrate utilization kinetics that depend upon
the maximum utilization rate of the substrate (), active microbial biomass (B), and
substrate concentrations (C). A linear dependency of the enzyme saturation factor
(E) is included in the rate expressions to approximate active enzyme
concentrations.33 The net variation in the aqueous concentration of a substrate Ci,aq (i
= O2, NO3-, NO2-, NO, N2O, and N2) depends on the rate of its production and
consumption by the corresponding biomass (Bi). Denitrifiers typically constitute up
to 20% of the total microbial biomass,46 and thus,
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Kinetics and stoichiometry of the transformations involving O2 and nitrogen oxides
and model parameters are presented in Tables 2.1 and 2.S1, respectively. Respiration
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is blocked by NO through binding to cytochrome oxidase and nM levels of NO can
cause substantial inhibition of respiration.47 Competitive inhibition from NO
increased the apparent value of the Michaelis-Menten constant for NO (KNO), which
is determined by the Michaelis-Menten constant for O2, (KO2), the concentration of
NO, and the inhibition coefficient (KI,NO,O2 ) in the rate expression of O2
respiration.48,49 Two molecules of NO are bound to NOR during reduction of NO and
substrate inhibition was observed to occur at PM levels.50 Thus, the kinetics of NO
reduction follows the classic Haldane formula for substrate inhibition.51 However,
levels of NO in the soil incubations are unlikely to reach PM levels due to the lower
levels of initial substrate concentrations.
Soil slurries were sufficiently buffered and remained constant at about pH 7 over
48 hr, and thus, inhibition of N2OR activity at suboptimal pH (6.0) is not considered
in the model.32,52,53 In the absence of inhibitory effects, denitrification rates are
related to availability of electron acceptors and donors and active enzymes mediate
the reactions. The dimensionless enzyme saturation factor (E), which represents the
percentage of active enzymes, is developed to describe denitrification enzyme
kinetics and allows quantification of constitutive denitrification enzymes. The value
of E in the model is set from 0-1 with 1 representing maximum activity. The rate of
enzyme production/suppression is assumed to follow Michaelis-Menten kinetics.33,54
The inhibitory effect of O2 on denitrification enzymes occurs during transcription
and post-transcription,24,55-57 and thus, O2 inhibition of the de novo synthesis of
denitrification enzymes was explicitly modeled (Table 2.2).
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The rate of volatilization of gaseous chemical species from the aqueous phase is
calculated as follows:58
Rtr,i

KL(

Ci ,g
Hi

 Ci ,aq )

where Rtr,i is the transfer rate of the chemical species (M h-1), Ci,g and Ci,aq are gas
and liquid phase concentrations (M), Hi is Henry’s law constant expressed as LH2O
Lair-1 and KL is the overall liquid-phase mass transfer coefficient (h-1). The value of
KL depends on the physicochemical properties of the chemical species and the depth
of liquid in the soil slurry. Temporal variations in aqueous-phase concentrations of
O2, NO, N2O and N2 and gas-phase concentrations of O2 and NO were not
determined, which precluded experimental measurement of KL values. However,
estimates of KL for O2, NO, N2O and N2 based on Henry’s law constants and
reported values of individual gas- and liquid-phase mass transfer coefficients for
H2O and CO258 for the soil slurries were 16.1-19.3 h-1 and at the low end of
experimentally determined values (19.44-20.16 h-1) from a robotic incubation
system.59
The system of differential equations generated from Tables 2.1 and 2.2 is solved
numerically using Matlab (The Mathworks, Inc., Natick, MA, USA) with ODE
solvers. The average time step is about 0.003 h. Initial conditions are assigned
according to levels measured in the incubations,39 including concentrations of O2,
NO3-, DOC, SMBC, and the status of constitutive enzymes prior to incubation (Table
2.3). Parameters developed and validated in the model were optimized based on the
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least squares method and model fitness was evaluated by calculating the coefficient
of determination as follows:

R2

1

¦ (C
¦ (C

exp

 Cmod el ) 2

exp

 Cexp ) 2

where Cexp and Cmodel are experimentally determined and model simulated
concentrations, respectively.
RESULTS
Model Evaluation. Values of kinetic reaction parameters, which were previously
estimated and validated by laboratory studies or process-scale models, are well
established and are included in the model (Table 2.S1). Parameters constraining
dynamics of enzyme synthesis (Table 2.S2) were developed from several sources
and were in general agreement.33,54,60,61 A low Km value was assigned for the O2
inhibition coefficient for N2OR to compensate for the strong inhibitory effect of O2.60
Experimental data collected from incubation of the top layer of soil (0-5 cm) were
used to evaluate the model (Figure 2.1). Levels of N2O increased sharply in the
headspace of the soil slurry in synthetic rainwater (CTR) within the first 12 h and
then ceased after 24 h when N2O was likely being reduced to N2. Production of N2O
in the slurry treated with C2H2 to block N2OR followed a similar pattern to CTR;
however, N2O production continued to increase between 12 h and 24 h and remained
fairly constant. Production of N2O in the CHL and CHL+ C2H2 treatments was less
than N2O production in the CTR and C2H2 treatments. The CHL treatment prevents
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de novo synthesis of denitrification enzymes, and thus, accumulation of N2O during
the first few hours of the incubation is attributed to constitutive enzymes in the soil.
The difference between CHL and CHL+C2H2 treatments is insignificant and implies
levels of constitutive N2OR were negligible at the onset of anaerobiosis.
A model simulation was performed on the CHL+C2H2 treatment to evaluate the
status of constitutive enzymes in the soil. Initial concentrations of O2, NO3-, DOC,
and SMBC are presented in Table 2.3. The CHL+C2H2 treatment inhibited de novo
synthesis of enzymes and N2OR activity, and thus, the only biochemical reactions to
consider were O2 respiration and NO3-, NO2-, and NO reduction with N2O being the
final denitrification product. Values of E were estimated from the measured
denitrification rates with and without CHL as follows:

E

RCHL / RCTR

where E is the enzyme saturation value and RCHL and RCTR are the denitrification
rates with and without CHL, respectively. Values of RCHL and RCTR were derived
from the initial, linear portions of the N2O production curves (Figure 2.1). Values of
ENAR, ENIR, and ENOR were assumed to be equal at the beginning of the simulation
(E0,N; Table 2.4) to reduce the complexity of the model parameter sets. Constitutive
production of NIR was observed to be greater than NAR.15,62 However, N2O was the
principal denitrification product observed in the subject study, and thus, transient
accumulation of NO2- and NO in the soil slurries is unlikely to be high due to
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cytotoxic effects of the chemical species. The value of E0,N was optimized with
experimental data by maximizing R2. Dynamics of the levels of N2O in the
headspace were simulated for the 48 h incubation and are presented with
experimental data in Figure 2.2a.
Maximum enzyme synthesis rates (Vmax,NAR, Vmax,NIR, and Vmax,NOR) were evaluated
with data from the experiment with the C2H2 treatment that inhibited N2OR activity.
Increases in the rate of denitirification were attributed to the synthesis of NAR, NIR
and NOR, and Vmax,NAR, Vmax,NIR, and Vmax,NOR were assumed to be equal (Vmax,1; Table
2.4). Estimates were based on N2O production rates during the time required for de
novo enzyme synthesis to occur after anaerobiosis was established. Increases in the
N2O production rate in CTR relative to CHL occurred within 3-6 h. The model
simulation with an optimized value of Vmax,1 indicated N2O production reached a
plateau after about 25 h, which agreed with the experimental data (Figure 2.2b). The
value of Vmax,N2OR (Vmax,2; Table 2.4) was estimated based on the accumulation of
N2O in CTR and the delay in N2 production calculated from CTR and the C2H2
treatment. Good agreement between modeled and measured accumulation of N2O
and N2 was observed (Figure 2.2c, 2.2d).
The model was also used to simulate dynamics of SMBC and denitrification
enzymes. The simulated growth of SMBC in CTR was about 10% of the growth
measured in the field during the rainfall simulation study.39 The SMBC reached a
plateau (3.46 mM C) after 40 h in the model simulation, and slowly diminished as
substrates were consumed. The dynamics of denitrification enzymes were simulated
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in the model as the enzyme saturation factor, E. Model simulations of temporal
profiles in values of E (Figure 2.S1), which represent the dynamics of the
denitrification enzymes, agree with observations that NAR, NIR, NOR, and N2OR
are induced sequentially.24
Model Sensitivity Analysis. The sensitivity analysis was performed by applying
variations of ±5, ±10, ±15, and ±20% to the selected model parameter, calculating
variations in cumulative concentrations of NO3-, NO2-, NO, N2O, and N2, and
normalizing to the corresponding reference simulation. Key regulators for N2OR
activity are KE,N2O and KI,N2OR and variations showed the strongest impact on
accumulation of N2O and N2 and minimal impact on accumulation of NO3-, NO2-,
and NO (Figure 2.3). The value of Vmax,1 regulates activities of NAR, NIR, and NOR
and determines the sequential flux of N substrates, and thus, NO3-, NO2-, and NO
were sensitive to changes in Vmax,1 as it created an imbalance between production and
reduction rates. Cumulative concentrations N2O and N2 were slightly influenced by
variations in Vmax,1. Changes in Vmax,2 had a more direct effect on the accumulation of
N2O and N2 through regulation of EN2OR. Variations in the parameter enlarged the
imbalance between activities of NAR, NIR, NOR, and N2OR, resulting in a greater
accumulation of N2O. Values of Vmax,1 and Vmax,2 regulated the time required for gasphase N2O to attain peak levels (Figure 2.S2). However, the influence of Vmax,1 on
the accumulation of N2O and N2 was rather small and changes in Vmax,2 had a more
direct effect on the accumulation of N2O and N2 through regulation of EN2OR.
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Variation in Production and Reduction of N2O with Depth. Transformation
rates of N2O are regulated by active enzyme concentrations, which are parameterized
in the model by E0,N, Vmax,1, and Vmax,2. The sensitivity analysis demonstrated the
roles of the parameters in controlling N2O and N2 dynamics of the surface soil (0-5
cm depth). Temporal variations of N2O and N2 during incubations of the 5-10, 10-15,
and 15-25 cm soil core sections were similar to the surface soil and values of E0,N,
Vmax,1, and Vmax,2 and R2 values are presented in Tables 2.4 and 2.S3, respectively.
Simulations indicated maxima in N2O accumulation and N2 production shifted to
later times with increasing soil depth (Figure 2.4). In general, N2 reached a
maximum about 20 h after peak concentrations of N2O were observed with
prolonged N2O accumulation in deeper soils delaying N2 production. Accumulation
of N2O and N2 in the surface soil was significantly greater than the accumulation in
deeper soils, which is explained by the greater NO3- level, SMBC, and denitrification
rate in the surface soil (Table 2.3). Temporal variations of the N2O: (N2O+N2)
denitrification product ratio from incubations of the soil core sections demonstrated a
strong trend with depth (Figure 2.5).
Role of constitutive enzymes. Contributions from constitutive denitrification
enzymes were evaluated by setting Vmax,1 to zero to suppress de novo synthesis of
NAR, NIR and NOR, and thus, N2O accumulation would be attributed solely to the
activity of constitutive enzymes. Constitutive enzymes contributed 73, 65, 54, and
61% of the total cumulative N2O flux during incubations of the 0-5, 5-10, 10-15, and
15-25 cm soil core sections, respectively (Figure 2.6). Contributions of constitutive
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enzymes normalized to SMBC increased with soil depth and were 23, 22, 48, and
78%. Constitutive enzyme activity in the model was parameterized with a non-zero
initial value of E. Simulations with and without constitutive enzymes showed similar
sequential induction of E for the denitrification enzymes (Figure 2.S1). Without the
contribution of constitutive enzymes, ENIR and ENOR were significantly lower due to
delayed accumulation of NO2- and NO. The value for EN2OR was slightly influenced
and indicates Vmax,2 was the principal rate limiting factor for synthesis of N2OR.
DISCUSSION
Parameterizations of N2O production via denitrification in soil emission models are
related to the growth of microbial biomass; however, the subject study suggests an
important contribution to production of N2O in soils from constitutive enzymes. Soil
incubation studies have demonstrated persistence of denitrification enzymes in soils
subjected to aerobic conditions.21,25,63 Denitrification activity and product gases
observed 1-3 h after the onset of anaerobiosis during the incubations were ascribed to
the activity of constitutive enzymes.63 A similar dynamic was observed in the CHL
treated soil slurries in which inhibition of de novo enzyme synthesis did not diminish
denitrification activity. Increases in headspace concentrations of N2O in CTR
indicate the denitrification rate accelerated between 3-6 h (Figure 2.1), which is
attributed to de novo synthesis of NAR, NIR, and NOR. Persistence of N2OR under
aerobic conditions is low,25,63 and thus, reduction of N2O was observed much later
during the incubation (Figure 2.1).
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The synthesis and activity of denitrification enzymes are tightly regulated by
availability of O2, which is the energetically, favorable electron acceptor. However,
the level of anoxia required for denitrifiers can vary substantially among species and
denitrification activity can persist in the presence of O2.37,38 During shifts from
anaerobic to aerobic conditions, NAR, NIR, and NOR remained active; however,
N2OR was inhibited.62,64 Assays of enzyme activity and kinetic experiments of gene
expression demonstrated that NAR and NIR were actively synthesized under aerobic
conditions.65,66 Kinetic studies of mRNA of denitrification genes demonstrated active
expression within 1-2 h after the onset of anaerobic conditions;65 however,
incubations of soil extracted bacteria exhibited detectable activity of denitrification
after 40 h.62 The results are in agreement with the subject study and indicate
estimates of the synthesis rate of denitrification enzymes are reasonable.
Here we define constitutive enzymes as denitrification enzymes synthesized or
preserved under suboptimal O2 conditions. The results indicate the activity of
constitutive enzymes is critical in interpreting the kinetics of N2O production and
contributions of constitutive enzymes to the cumulative N2O production increases
with increasing soil depth. Denitrifiers in the surface and deep layers of soil appear
to be physiologically distinct in their ability to preserve NAR, NIR and NOR
activities. The trend might be related to variations in O2 levels with soil depth.
Diffusion of O2 diminishes with depth as soils become more compact, which reduces
the airspace of soil pores and creates the O2 tension preferred by denitrifiers. The
trend might also be related to the composition of the denitrifier communities in deep
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soil layers, which might be composed of denitrifiers with more persistent NAR, NIR,
and NOR.
Inhibition of N2OR by O2 in the incubations is not a factor and values of the
N2O:(N2O+N2) product ratio is related to the kinetics of denitrification. The plateau
stage during the initial 5-10 h of the incubations is characterized by minimum N2
production, which could be attributed to the activity of constitutive enzymes and
delay in N2OR synthesis (Figure 2.5). The N2O:(N2O+N2) product ratio approached
zero in response to prolonged (40 h) incubation under anaerobic conditions (Figure
2.S1), which is attributed to an increase in N2OR activity.23 The N2O:(N2O+N2)
product ratio was greater in the deeper layers of the soil, which indicates the time
required for N2O reduction increased with depth in the soil. The trend is well
correlated with an increasing contribution of constitutive enzymes to the cumulative
N2O production with depth in soil. Trends in the product ratio are sensitive to
changes in the soil environment. For example, reaeration of the soil can interrupt N2
production and increase the N2O:(N2O + N2) product ratio.62
The soil incubation experiments and model simulations demonstrate constitutive
denitrification enzymes that reduce NO3- to N2O make a significant contribution to
the rapid production of N2O during the early stages of denitrification. However,
N2OR generally does not persist in aerated soils, and thus, reduction of N2O to N2
requires a soil environment with low O2 tension. Fluctuations of the production and
reduction of N2O are regulated by the unbalanced activity of denitrification enzymes,
which are sensitive to soil environmental conditions. Explicit representation of
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denitrification enzyme kinetics in process-scale models that include representations
for constitutive enzymes is a promising approach for reducing uncertainties in model
predictions of N2O emissions from soil.
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Table 2.1 Rate expressions for Monod growth kineticsa

Biological Reactions

Rate Expressions
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C NO
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4 N 2O(aq)  2CH 2O o 4 N 2 (aq)  2CO2 (aq)  2H 2O

aVariables

RN2O

and parameters are listed in Table 2.S1.
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Table 2.2 Enzyme production/suppression kinetics

Enzyme

Nitrate Reductase
(NAR)

Nitrite Reductase
(NIR)

Nitric Oxide
Reductase (NOR)

Nitrous Oxide
Reductase (N2OR)

Rate expression
RENAR

Vmax,NAR 

C NO

K E , NO  C NO K I , NAR  CO2
3

RENIR

Vmax,NIR 

K I , NAR



3

 (1  E NAR )

3

C NO

K I , NIR
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K E , NO  C NO K I , NIR  CO2
2

 (1  E NIR )
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K I , NOR
C NO

 (1  E NOR )
K E , NO  C NO K I , NOR  CO2

RENOR

Vmax,NOR 

REN 2OR

Vmax,N 2OR 

C N 2O



K I , N 2OR

K E , N 2O  C N 2O K I , N 2OR  CO2
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Table 2.3 Initial conditions for incubations of the soil core sections
0-5 cm

5-10 cm

10-15 cm

15-25 cm

[NO3-] (mM)

0.05

0.03

0.03

0.03

[DOC] (mM)

18.5

17.1

17.9

23.7

[SMBC] (mM)

3.14

2.88

1.12

0.78

[O2]g (PM)

40

40

40

40

RCHL/RCTR

0.45

0.24

0.26

0.54
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Table 2.4 Model parameter estimations for soil core sections
0-5 cm

5-10 cm

10-15 cm

15-25 cm

0.42

0.23

0.26

0.46

Vmax,1 a

0.4

0.1

0.2

0.8

Vmax,2a

0.01

0.02

0.08

0.015

E0,N

a

Parameters used in the sensitivity analysis.
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Figure 2.1 Temporal variation of N2O concentrations in the helium (He) headspace
of the 0-5 cm soil core section incubated in synthetic rainwater. (CTR, synthetic
rainwater; CHL, synthetic rainwater containing chloramphenicol; C2H2, He
headspace containing acetylene; CHL+ C2H2, synthetic rainwater containing
chloramphenicol with He headspace containing acetylene).
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Figure 2.2 Comparison of the measured concentration of N2O in the helium
headspace of the 0-5 cm soil core section incubated in synthetic rainwater with the
model results: (a) CHL+C2H2; E0,N = 0.42, (b) C2H2; Vmax,1 = 0.40, (c) CTR; Vmax,2 =
0.01, and (d) N2O reduction.
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Figure 2.3 Simulated variations in the accumulation of NO3-, NO2-, NO, N2O, and
N2 when variations of ±5, ±10, ±15, and ±20% were applied to model parameters.
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Figure 2.4 Simulations of the temporal variations of (a) N2O and (b) N2
concentrations in the helium headspace of 4 soil core sections incubated in synthetic
rainwater.
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Figure 2.5 Simulations of the temporal variation of the N2O:(N2O: N2) product ratio
in the helium headspace of 4 soil core sections incubated in synthetic rainwater.
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Figure 2.6 Simulations of the temporal variation of N2O in the helium headspace of
4 soil core sections incubated in synthetic rainwater with both de novo synthesized
and constitutive enzymes (DE+CE) and with constitutive enzymes (CE).
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Table 2.S1 Reaction kinetic parameters
Definition

Aqueous phase concentration

Symbol

Value

Unit

Reference

Ci

(i= O2, NO3-, NO2-, NO, N2O, N2,
and OC)
Microbial biomass mediating
respiratory metabolism

Bi

(i= O2, NO3-, NO2-, NO, N2O, N2)
Oxygen respiration
Maximum utilization rate

O2

0.1

h-1

a,b,c

Michaelis-Menten constant for O2
respiration

KO2

2.52×10-5

M

b

KI,NO,O2

1.74×10-8

M

c

0.648

h-1

b

Inhibition coefficient by NO
Nitrogen oxide reduction

Maximum utilization rate for nitrate NO3Michaelis-Menten constant for
nitrate

KNO3-

1.3×10-2

M

c

Maximum utilization rate for nitrite

NO2-

0.648

h-1

b

Michaelis-Menten constant for
nitrite

KNO2-

8.8×10-4

M

c

Maximum utilization rate for NO

NO

0.3265

h-1

b

Michaelis-Menten constant for NO

KNO

1.8×10-9

M

d

KI,NO,NO

2×10-5

M

c

Maximum utilization rate for N2O

N2O

0.3247

h-1

b

Michaelis-Menten constant for N2O

KN2 O

5×10-6

M

d

Inhibition coefficient by NO
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Definition

Michaelis-Menten constant for
organic carbon
Death rate for all microbial
populations

Symbol

Value

Unit

Reference

KOC

10-4

M

e

į

0.001

h-1

e

a

Blagodatsky et al., 2011.
Gu and Riley, 2010.
c
Kampschreur et al., 2012.
d
Conrad, 1996.
e
Maggi et al., 2008.
b
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Table 2.S2 Parameters for enzyme production/suppression
Enzyme

Half saturation
constant (M)

O2 Inhibition
coefficient (M)

NAR

1×10-11 a,b

2.5×10-5 e

NIR

5×10-5 a,b,c

2.2×10-5 e

NOR

5.4×10-8 a,b,c

4×10-4 c

N2OR

5×10-7 * a,c,d

1×10-7 d

a

Blagodatsky et al., 2011.
Kampschreur et al., 2012.
c
Zumft 1997.
d
Value estimated with the model and used in the sensitivity analysis.
e
Conrad 1996.
b
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Table 2.S3 Agreement (R2) between model simulations and experimental data
for soil core sections
CHL+C2H2

C2H2

CTR

0-5 cm

0.99

0.98

0.97

0.97

5-10 cm

0.97

0.96

0.90

0.94

10-15 cm

0.98

0.94

0.85

0.87

15-25 cm

0.98

0.98

0.97

0.90
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N2 Production

Figure 2.S1 Temporal variations of enzyme saturation factors (E) for the
denitrification enzymes in the 0-5 cm soil core section with E0,N = 0.42 and E0,N = 0

78

Figure 2.S2 Simulations of the temporal variations of N2O and N2 in the 0-5 cm soil
core section with variations of ±10 and ±20% applied to Vmax,1 (a,c) and Vmax,2 (b,d).
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ABSTRACT

Precipitation through regulation of soil microbial metabolism and soil gas movement
is a major driver of soil N2O production and episodic N2O emission from the surface.
Global climate models predict that the intensity and frequency of heavy precipitation
events are likely to increase. We conducted comprehensive field and modeling
experiments to unravel mechanisms involved in the response of soil processes to
sequential precipitation events. Mixing ratios of N2O in soils gas measured at depths
of 10, 15, and 25 cm increased rapidly from about 400 ppbv to 19 ppmv within 4 h
following the first rainfall addition and stayed relatively invariant until 24-36 h
following the second rainfall addition. Significant decreases in soil N2O
concentrations at 10, 15, and 25 cm were observed after the third rainfall addition.
Maxima in the surface N2O emissions were 673, 168, 197, and 242 g m-2 h-1 at 4
and 36 h following the first rainfall addition, 6-12 h after the second rainfall addition,
and 2-6 h following the third rainfall addition, respectively. A diffusion-reaction
model was developed to describe the N2O dynamics in soil and the resultant surface
fluxes. The first and second pulses of surface N2O fluxes and rapid response of soil
gas N2O following the first rainfall addition were attributed to (1) the activity of
constitutive denitrification enzymes and (2) enhanced denitrification associated with
microbial biomass growth, respectively. Diminished N2O emissions following the
second and third simulations were likely due to enhanced N2O reduction. The
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investigation demonstrated the overwhelming importance of biological controls on
surface N2O fluxes induced by precipitation.
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INTRODUCTION
Nitrous oxide (N2O) is a long-lived greenhouse gas and contributes to stratospheric
ozone depletion (Ravishankara et al., 2009). Recent measurements of N2O in
Antarctic ice cores suggest the atmospheric mixing ratio increased by 21% during
the last 200 years (MacFarling Meure et al., 2006) and the trend is likely to continue
into the future due to emissions from soil, which is the principal source of
atmospheric N2O (Bouwman et al., 2013). Emissions from arable land stimulated by
the application of N fertilizers are about 4.2 Tg yr-1 (IPCC, 2001) and represent more
than 50% of global anthropogenic N2O sources. Modeling studies project annual
N2O emissions from agricultural soils will increase to about 9.0 Tg yr-1 by 2050
(Bouwman et al., 2013).
Emissions of N2O from soil are episodic and primarily occur as short pulses
following fertilization and precipitation events (Nobre et al., 2001; Parkin & Kaspar,
2006; Barton et al., 2008). A review of investigations of the N2O flux following
rewetting of dry soils revealed that single wetting events can increase the N2O flux
by 80,000% with respect to background emissions and exhalations of N2O following
precipitation events contribute 2-50% of the annual N2O flux (Kim et al., 2012).
Large uncertainties between measured and modeled surface fluxes have been
attributed to the complexity of environmental controls on soil N2O emissions.
Biogeochemical models like DAYCENT (Del Grosso et al., 2000; Del Grosso et al.,
2005), DNDC (Li et al., 1992; Li et al., 1996), DAISY (Hansen et al., 1991), and
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ECOSYS (Grant & Pattey, 2003; Metivier et al., 2009) have difficulty in
reproducing the temporal profile of soil N2O emissions, which is likely due to an
oversimplification of the complexities of microbial physiology and the kinetics of
denitrifier enzymes and growth (Bakken et al., 2012). Understanding the belowground dynamics of N2O production, consumption, and transport to the soil surface
is key to improving the prognostic ability of current models.
Production of N2O in soils is attributed to the microbial-mediated processes of
nitrification and denitrification. Under aerobic conditions, autotrophic nitrifiers
sequentially oxidize ammonia to nitrate (NO3-) and produce N2O and nitric oxide
(NO) as gaseous intermediates. Denitrification proceeds when availability of
molecular oxygen (O2) is limited through sequential enzymatic reduction of NO3-,
nitrite (NO2-), NO, and N2O with the end product being molecular nitrogen (N2).
Denitrification is the primary process responsible for producing N2O in soils and the
process is the only biological sink of N2O. Reduction of N2O to N2 is catalyzed by
N2O reductase (N2OR), which is more sensitive to O2 than the other 3 reductases
[i.e., NO3-, NO2-, and NO reductases (NAR, NIR, and NOR, respectively)] that
catalyze the denitrification process (Zumft, 1997). Transient accumulation of N2O
and reduction to N2 is sensitive to fluctuation of belowground O2, which is mainly
controlled by soil structure and wetting history. Studies of the complexities of
denitrification have been limited to laboratory investigations conducted with pure
cultures of soil denitrifiers under controlled conditions (Firestone & Tiedje, 1979;
Dendooven et al., 1994; Morley et al., 2008; Bergaust et al., 2010); however,
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process-level understanding of N2O production and consumption under field
conditions is required to identify locations of elevated N2O production in soil
(Butterbach-Bahl et al., 2013).
Permeability of the soil column to air is determined by physicochemical properties
of the soil and water-filled pore space (WFPS), which control diffusive transport of
N2O within the soil profile (Heincke & Kaupenjohann, 1999). The dynamics of
water in soil regulate transport of denitrification substrates to microbial populations,
transformation of N species, transfer of products into soil gas, and emission from the
surface. Enhanced denitrification and N2O emissions following precipitation are
ascribed to increases in NO3- availability and reductions in O2 tension. General
circulation models forecast an increasing intensity and frequency of heavy
precipitation events (IPCC, 2007) that will influence N2O fluxes at the regional and
global scale. Thus, field investigations of the response of soil biogeochemical
processes to precipitation that include ancillary laboratory and modeling approaches
are required to advance understanding of the biogeochemical regulation of N2O
emissions from soil and to improve assessments of N2O inventories under future
climate change scenarios.
Here, we present results of a comprehensive field study of denitrification in an
agricultural soil. Sequential precipitation events were simulated and temporal
variations in surface fluxes of N2O, profiles of N2O levels in soil gas, and soil
biogeochemical properties of the soil column were investigated. A soil gas diffusion
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model was coupled with a denitrification model that included explicit representation
of enzyme kinetics (Zheng & Doskey, 2014) to simulate the measurements.

MATERIALS AND METHODS
Sampling site and rainfall simulations
A rainfall simulation experiment was conducted on 19-24 July 2012 at the
AmeriFlux site in Bondville, Illinois (40°00ƍN, 88°18ƍW). Glycine max (soybean)
and Zea mays (corn) have been rotated annually at the site since 2000 where no-till
agriculture has been practiced for more than 20 a (Illinois Climate Network, 2012,
Bondville AmeriFlux Site, 2012). The soil type is silt loam, with an average porosity
of 45% between 0-50 cm and an inorganic fraction composed of 25% clay, 70% silt,
and 5% sand. A continuous-spray, single-nozzle rainfall simulator was used to
uniformly distribute synthetic rainwater on a 1 m × 1 m plot of soybean. Synthetic
rainwater was delivered from a 208-L blue plastic drum through a slotted nozzle
(1/8GG-2.8W FullJet spray nozzle; Spraying Systems Co., Wheaton, IL) at 10 psig
using a sump pump. The nozzle was located 157 cm above the surface and delivered
synthetic rainwater to the plot at a rate of 22 mm hr-1. Levels of minerals in the
synthetic rainwater were based on the yearly average values (NADP, 2012) for the
site and were 34 PM ammonium, 25 PM NO3-, 15 PM sulfate, 1.1 PM phosphate,
and 4 PM chloride. The pH was adjusted to 6.6 by pumping ambient air through a
diffuser into the synthetic rainwater for 12 h. Rainfall amounts (44 mm) were
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delivered between 7-9 AM CST every 48 h to simulate 3 sequential precipitation
events. Gaseous emissions from the surface, soil gas, and soil cores were collected
prior to each event and at 0, 2, 4, 6, 12, 24, 36, and 48 h after addition of the
synthetic rainwater.
Sampling and analysis of surface emissions, soil gas, and soil
The static chamber technique was used to determine N2O emissions from the
surface (Matthias et al., 1980; Smith et al., 1995). Chambers were constructed from
15.2-cm o.d. polyvinyl chloride (PVC) pipe and were 30 cm in height to maintain a
geometry factor of 30 cm (i.e. chamber height divided by sampled surface area) to
minimize disturbance of the ambient soil gas concentration profile (Matthias et al.,
1978). Ambient air entered the chamber through a Teflon® capillary (0.079-cm i.d.)
when samples were withdrawn to maintain ambient pressure in the chamber during
sampling. The soil surface was covered for 1 h during a sampling period and
chamber air was sampled at 15 min intervals. Samples (12 mL) were injected by gastight syringe (Hamilton Company, Reno, NV) into pre-evacuated 5.9 mL Exetainers
with double-wadded caps (Labco International Inc., Houston, TX) and the puncture
in the septa was sealed with silicone. Leak tests of the Exetainers indicated the vials
maintained a pressure of 203 kPa for 14 d.
Soil gas was sampled with soil gas probes constructed from 1.25-cm o.d. PVC
pipe (Burton & Beauchamp, 1994). Sampling wells were located at 5, 10, 15, and 25
cm below the soil surface and were constructed from disposable syringe barrels,
which were positioned inside the probe at a 45° angle to the opening to prevent water
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from entering the well. Nylon mesh glued to the opening prevented soil from
entering the well during sampler placement. The wells were connected to the surface
with silicone tubing (0.079-cm i.d.) from which 12-mL of soil gas was sampled with
a gas-tight syringe (Hamilton Company) and transferred to a 5.9 mL Exetainer
(Labco).
Emission and soil gas samples were withdrawn from the Exetainers (Labco) into a
gas-tight syringe (Hamilton Company) containing magnesium perchlorate to remove
water from the sample and injected into a 1-mL stainless steel sample loop connected
to a 2-position, 6-port valve (VICI, Houston, TX) upstream of a high-resolution gas
chromatograph with electron capture detector (ECD; HP5890; Hewlett Packard, Palo
Alto, CA). The N2O was resolved on a 30-m u 0.530-mm fused silica capillary
coated with a 3.00-Pm carbon film (GS-CarbonPlot; Agilent). The carrier and ECD
makeup gases were He and N2, respectively. The measured variation of N2O was less
than 2% at the quantitative detection limit (< 5 ppbv).
A 1.27-cm o.d. stainless steel sampler (AMS, Inc. American Falls, ID) was used
to sample soil to a depth of 25 cm. Soil cores were sectioned at 0-5, 5-10, 10-15, and
15-25 cm increments, transferred to 15-mL sterile plastic tubes (Fisher Scientific,
Pittsburgh, PA), immediately stored in liquid N2, and transported to the laboratory in
a liquid N2 dewar (PrincetonCryo, Flemington, NJ). Subsamples were sieved (4-mm)
prior to analysis of pH, water-filled pore space (WFPS), NO3-, and extractable
organic and microbial biomass carbon (EOC and SMBC, respectively). Levels of
EOC and NO3- in soils were determined in potassium sulfate extracts of soil via
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analysis with a TOC Analyzer (Sievers 900, GE Analytical Instruments, CO) and
Rapid Flow Analyzer (Perstorp Analytical Inc., Silver Spring, MD), respectively.

Coupled soil gas diffusion/denitrification model
Equilibrium conditions were assumed for gas exchange between aqueous- and
gas-filled pore space during simulation of the 3 sequential rainfall events and fluxes
of N2O from the soil surface were estimated from profiles of soil gas concentrations.
The one-dimensional vertical flow of gases in the soil column was assumed to obey
Fick’s Law as follows:

q

 De

dC
dz

(1)

where q is the gas flux (g cm-2 s-1), De is the effective gas diffusion coefficient in soil
(cm2 s-1), C is the gas concentration (g cm-3 air), and z is the soil depth (cm). The
value of De can be estimated as the product of the gas diffusion coefficient in air (D0)
and the empirical function of air-filled porosity (șa) and total porosity (șr). Values of
the relative soil gas diffusivity (De/D0) were estimated using several empirical
models (Table 3.1) and were different; however, the values were well correlated with
one another (R2 > 0.99). The sequence of 3 rainfall simulations within a period of 6 d
prevented rapid changes in soil air-filled porosity and the intensive sampling
schedule limited variations in soil structure within the plot. Thus, estimates of
(De/D0) based on empirical models are suitable for modeling soil gas diffusion at the
plot scale for the experimental conditions.
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Assuming instantaneous equilibrium between gas- and liquid-phase
concentrations of N2O throughout the soil column, the following mass balance is
obtained:

(T a  T w  H )

wC
wt

w
wC
( De
) pr
wz
wz

(2)

where C is the gas-phase concentration of N2O in the soil, șw is water-filled porosity
(i.e., volumetric water content), H is Henry’s law constant for N2O (volair vol-1water),
and (șa +șw H)C represents the sum of gas- and liquid-phase concentrations of N2O
(Stolk et al., 2011). Gross rates of production and reduction of N2O in soil are
estimated using Michaelis-Menten kinetics as follows:
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(4)

where p and r are the rates of N2O production and reduction (ng cm-3 s-1),


N 2O
NO3
respectively, Vmax
and Vmax
are the maximum rate of N2O production and reduction,


respectively, and K mNO3 , K mN 2O , and K mC are Michaelis-Menten constants for NO3-,
N2O, and EOC, respectively. Reported values of K mC span a wide range (0.37-13.6
Pg g-1; Maggi et al., 2008). However, levels of EOC were significantly greater than
the reported values, and thus, Eqn. (3) and (4) reduce to the following:
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Effects of independent variables of the study, i.e., rainwater addition and
sampling time and depth on soil NO3-, EOC, and WFPS were analyzed with
statistical packages in R (R Core Team, 2013). A one-way ANOVA and Tukey’s test
were performed to detect differences related to independent variables with the level
of significance specified as p < 0.05. The numerical solution of the
diffusion/denitrification model was obtained with the finite difference algorithm in
Matlab (The Mathworks, Inc., Natick, MA, USA) with a time step of 1 s. A scheme
for the coupled soil gas diffusion/denitrification model can be found in Fig. 3.1.
Initial conditions were based on measurements obtained at 0 h following the first
rainfall simulation and boundary conditions were set to match the N2O dynamics
measured at 25 cm below the surface.

RESULTS
Measurements of environmental variables
Concentrations of NO3- within each layer of soil were highly dynamic during the
measurement period (Fig. 3.2a). Rapid increases in NO3- levels were observed
immediately after the rainfall addition at each depth; however, concentrations
became less variable after 2 h. Variations in soil NO3- concentrations within the first
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6 h after rainfall addition were attributed to the high mobility of NO3- in soil, rapid
movement with water, and uptake by plant roots. Concentrations of NO3- at 15 and
25 cm were significantly greater (p < 0.05 and p < 0.001, respectively) than the
levels at 5 and 10 cm. Response patterns of soil NO3- to rainwater addition across
different depths were similar for the 3 rainfall additions and the NO3- input from the
second and the third rainfall additions did not increase soil NO3- concentrations
significantly.
Concentrations of EOC exhibited a rapid increase within the first 6 h following
the rainfall additions (Fig. 3.2b) due to the rapid movement of water. Soil rewetting
from the second and third rainfall additions significantly increased soil EOC (p <
0.001 and p = 0.003, respectively), which might be attributed to enhanced microbial
growth or release of carbon due to disruption of the soil structure (Lundquist et al.,
1999). Soil EOC appeared to be highest in the 0-5 cm layer and gradually decreased
with soil depth. Higher levels of EOC in the surface layer might be attributed to
inputs from plant litter, root exudates, and microbial biomass.
The WFPS increased dramatically after the first rainfall addition and remained >
50% during the entire measurement period (Fig. 3.3). For all three rainfall
simulations, WFPS reached the highest level at 4 h (p < 0.001, p < 0.05, and p = 0.14,
respectively) and then decreased to the lowest point at 36 or 48 h after the rainfall
additions (p < 0.001, p < 0.05, and p = 0.157, respectively) as the soil dried.
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Differences in WFPS between soil depths were most distinct following the third
rainfall addition.
Dynamics of N2O in soil gas
Mixing ratios of N2O in soil gas of the soil column before the first rainfall
addition (Fig. 3.4) were slightly higher than the ambient level (320 ppbv) and
exhibited a unique two-peak pattern after the first rainfall addition. The first peak
was most pronounced at 5 cm, 4 h after the first rainfall addition and the second peak
occurred at 24-36 h at the 10, 15, and 25 cm depths. Mixing ratios diminished to a
minimum at 6 h at 10, 15, and 25 cm below the soil surface. There was a dramatic
increase from ambient levels to 7-14 ppmv within 2 h at 15 and 25 cm below the
surface within 2 h of the first rainfall addition. Increases in N2O mixing ratios at 5
and 10 cm lagged the increase in deeper layers, which was attributed to upward
diffusion from deep layers to the surface. Levels increased to about 10 ppmv within 4
h of the second and third rainfall additions. The highest mixing ratios were observed
at 40-60 h at a depth of 25 cm during the second rainfall addition with levels
diminishing after 80 h. During the third rainfall addition at 98-100 h, the decrease in
mixing ratios of N2O was accelerated; however, an increase in levels was observed
4-6 h after the third rainfall addition.
Measured surface emissions and simulated diffusive fluxes
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The temporal profile of N2O emissions from the surface exhibited uptake of N2O
before and 0 h after the first rainfall addition (Fig. 3.5). With the exception of an
emission maxima 4 h after the first rainfall addition, fluxes from the surface were
166-242 g m-2 h-1 during the remainder of the experiment (Fig. 3.5). Maxima in
N2O emissions occurred between 2-6 and 36 h following the first rainfall addition, 612 h after the second rainfall addition, and 2-6 h following the third rainfall addition
(p < 0.05). The largest flux (673 g m-2 h-1) was observed 4 h after the first rainfall
addition concomitant with a peak in the mixing ratio of N2O in soil gas (3 ppmv) at a
depth of 5 cm (Fig. 3.4).
Temporal variations in the diffusive flux of N2O from soil gas at a depth of 5 cm
were simulated with Eqn. (1) and followed the same dynamics as the surface fluxes
(Fig. 3.6). However, diffusive fluxes simulated for deeper layers exhibited distinct
dynamics, which might be explained by shorter time scales for microbial sources and
sinks of N2O in deeper layers of soil relative to the time scale of diffusion. The
simulated diffusive flux decreased with soil depth between 2-12 h after the first
rainfall addition, which is strong evidence of N2O production in deep layers of the
soil. In contrast, simulated diffusive fluxes from deeper layers after 12 h following
the first rainfall addition were higher than the flux from 5 cm and suggest enhanced
reduction of N2O below 5 cm (Fig. 3.6). Simulated diffusive fluxes from layers
below 5 cm following the second and third rainfall simulations were always higher
than the flux from 5 cm, indicating substantial N2O reduction below 5 cm.
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Simulation of soil N2O behavior
The coupled soil gas diffusion/dentrification model was used to simulate
temporal variations in the accumulation of N2O with depth in the soil column after


N 2O
NO3
the first rainfall addition. Estimates of Vmax
and Vmax
in Eqn (5) and (6) were based

on the model simulations of the gas dynamics from incubated soil cores obtained
before the first simulated rainfall (Zheng & Doskey, 2014). The measured WFPS
was between 50-80% during the experiment, resulting in ideal O2 tensions for
denitrification (Linn & Doran, 1984; Davidson et al., 2000). Estimates of gas phase
O2 concentrations from measurements of WFPS were between 2-5%, which would
not inhibit the synthesis of NAR, NIR, and NOR given their high O2 inhibition
coefficients (Zheng & Doskey, 2014). Given that measured NO3- concentrations


were much less than K mNO3 , p was directly proportional to the NO3- concentration.
Concentrations of NO3- showed significant variations between depths (Fig. 3.2a);
however, levels were quite consistent within soil layers. Precision for the NO3measurements were poor, making variations in NO3- concentrations difficult to
determine. Thus, average values of NO3- concentrations in the model were applied
N 2O
for each depth and p was approximately a constant. Values of p and Vmax
were

estimated with the metabolic denitrification model, which was developed from a
laboratory incubation study of soil cores sampled before the rainfall simulation
experiment (Zheng & Doskey, 2014). Rapid O2 depletion in the anaerobic incubation
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system was adjusted to fit the conditions of the field experiment to estimate values of
N 2O
for the sequential rainfall simulations (Table 3.2).
p and Vmax

The coupled soil gas diffusion/dentrification model was used to simulate
temporal variations in the accumulation of N2O with depth in the soil column after
the first rainfall addition, which exhibited the most dynamic variations of the 3
rainfall additions (Fig. 3.7a). The model simulation suggests that much of the N2O is
reduced during transport to the surface. The estimated value of De was smallest for
the 5-10 cm layer of soil, and thus, the residence time of N2O in the layer was
greatest, which increased the extent of N2O reduction. However, production of N2O
was nearly constant during the 48 h following the first rainfall addition.
Accumulation of N2O in soil gas during the 6 h after the first rainfall addition
was grossly underestimated. Incubations of soil cores collected prior to the first
rainfall addition indicated that constitutive denitrification enzymes (i.e., defined here
as pre-synthesized or constitutively synthesized denitrification proteome) were
responsible for N2O production via NO3- reduction during the first 6 h after the onset
of anaerobiosis (Zheng & Doskey, 2014). Simulations with the coupled model that
included an N2O production term for constitutive denitrification enzymes exhibited a
peak in the accumulation of N2O in soil gas at 4 h and were in better agreement with
the measurements (Fig. 3.7b).
DISCUSSION
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The most dramatic increase in mixing ratios of N2O in soil gas (Fig. 3.4) were
observed during the first rainfall simulation when WFPS increased from 30% to 70%
(Fig. 3.3) concomitant with the transition from aerobic to anaerobic conditions in the
soil column. The WFPS of the 0-5 cm layer of soil increased to 73% within 2 h after
the rainfall was added to the plot and was 70% at a depth of 15-25 cm 4 h after the
rainfall addition. Due to rapid infiltration of water into the soil column, O2 diffusion
from the atmosphere is diminished and there is a rapid transition from aerobic to
anaerobic conditions that allow denitrification to proceed. Infiltration of NO3provided substrate to the deeper soil layers (Fig. 3.2) and accelerated N2O
production. Increases in the mixing ratios of N2O in soil gas of the upper soil layers
(0-10 cm) occurred 2 h later than the deeper soil layers (10-25cm). The highest
WFPS levels were observed at 2-4 h between depths of 5-15 cm (Fig. 3.3), which
limited gaseous diffusion of N2O to the surface layer of soil. The second and third
rainfall additions induced much smaller increases in the mixing ratios of N2O in soil
gas. After the first rainfall addition, the WFPS is likely saturated with N2O due to the
high solubility in water, which might buffer the denitrification process and prevent
increases in N2O mixing ratios in soil gas (Heincke & Kaupenjohann, 1999).
Increases in WFPS soon after the second and third rainfall additions might have
promoted reduction of N2O to N2 and might explain the decrease in mixing ratios of
N2O in soil gas relative to the first rainfall addition (Fig. 3.4).
Surface fluxes of N2O throughout the experiment were adequately explained by
the diffusive flux in soil gas that was driven by the gradient in N2O mixing ratios
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between a depth of 5 cm and the surface (Fig. 3.5). Yoh et al. (1997) also observed a
correlation between measured surface fluxes and estimated diffusive losses from soil.
Analysis of the soil gas diffusion process with 15N-labelled N2O showed (1) the
estimated diffusive flux from a depth of 5 cm exhibited the best correlation with the
measured surface flux of N2O and (2) estimated diffusive fluxes from depths of 15,
30, and 45 cm in the soil were greater than the estimated diffusive flux from a depth
of 5 cm (Clough et al., 2006). Results from the first rainfall addition suggest
enhanced reduction of N2O below 5 cm, which agrees with Hosen et al. (2000) who
concluded that a reduction in productivity of N2O could not be explained without
invoking an N2O sink to interpret the pattern of observed soil N2O dynamics.
Temporal variations of the estimated diffusive flux from different soil depths were
distinct (Fig. 3.6), which suggested production and reduction of N2O affected mixing
ratios in soil.
Production of N2O in soil after the first rainfall addition appeared to occur in 2
distinct phases, which is in agreement with soil incubation studies (Firestone &
Tiedje, 1979; Dendooven & Anderson, 1995). Rapid N2O production in the first
phase was due to the activity of constitutive enzymes, which were composed of
NAR, NIR, and NOR. Nitrous oxide reductase (N2OR) does not persist in dry soil
due to an extreme sensitivity to O2, and thus, N2O is not reduced in the first phase,
which leads to a rapid accumulation of N2O. Delayed synthesis of N2OR led to rapid
accumulation of N2O during early stages of the incubations of soil cores collected
prior to the first rainfall addition (Zheng & Doskey, 2014), which corresponded with
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the dynamics observed in the field. The accumulation of N2O in the second phase
was due to N2O production and reduction associated with biomass growth. The
coupled model accurately simulated the dynamics of N2O accumulation during the
first phase of denitrification by including representation of N2O production by
constitutive denitrification enzymes. Simulations of the second phase that included
representations of N2O production/reduction associated with biomass growth showed
good agreement with the field measurements. The estimated N2O reduction rate was
4-10 times greater than the rate of N2O diffusion in soil gas, which is in agreement
with other studies (Firestone & Davidson, 1989) and explains the decrease in the
surface flux of N2O at 12 h following the first rainfall addition.
Constitutive enzymes also influenced the accumulation of N2O during the
second and third rainfall simulations. Synthesis of N2OR occurred during the first
rainfall simulation, and thus, lags between the synthesis of N2OR and NAR, NIR,
and NOR were not observed during the second and third rainfall simulations.
Dramatic increases in soil WFPS were observed within 4 hours following the second
and third rainfall additions that reduced O2 tension. The pool size of N2OR expanded
as N2OR could be synthesized under optimal WFPS during the first few hours
following each rainfall addition. The active N2OR enzyme pool insured N2O
reduction under suboptimal WFPS in which de novo synthesis of N2OR was severely
inhibited. The hypothesis was tested in model simulations using the metabolic
denitrification model by doubling and tripling the pool size of N2OR (Fig. 3.8).
Accumulation of N2O was significantly diminished with an elevated pool size of
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N2OR under the same O2 tension (2% v/v). Soil core incubations also demonstrated a
significant increase in the potential of the composite denitrifiers to reduce N2O
following the second and third rainfall additions (Zheng & Doskey, 2014). The N2O
reduction potential can be evaluated as the ratio of N2O reduction rate to the
denitrification rate, which was 0.31 over a 48 hr incubation study of the soil cores
sampled before the first rainfall addition. The N2O reduction potential increased to
0.72 and 0.93 during the second and third rainfall additions, respectively.
Measuring temporal variations in the profile of mixing ratios of N2O in soil gas,
microbial substrates, and surface fluxes that are induced by precipitation is a
transformative approach for investigating soil biogeochemical controls on emissions
of N2O. Biological controls of N2O production overwhelmed physical controls of
N2O movement within soil gas when optimal conditions for denitrification existed in
the soil microenvironment. Traditional environmental indicators of N2O production
like WFPS had limited ability to predict surface fluxes of N2O. The critical role of
constitutive denitrifiers to surface fluxes during the rapid transition from aerobic to
anaerobic conditions was demonstrated by simulating sequential rainfall events. The
estimated contribution of constitutive denitrifiers was > 40% during the first 24 h
after the first rainfall addition; however, the contribution is relative to the time span
selected to calculate cumulative fluxes. Future climate change scenarios suggest
extreme precipitation events (~80 mm in 48 h) will increase in frequency and
intensity, and thus, results from the simulation of sequential rainfall events are useful
for predicting effects on N2O emissions from soil. However, prolonged waterlogging
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of soils might increase with the frequency and intensity of precipitation, lower the
N2O:N2 product ratios of denitrification, and decrease N2O emissions from soil.
Comprehensive field investigations of denitrification that examine the kinetics of soil
biogeochemical processes like the study described here will be useful in predicting
N2O emissions under various land use-use and land management practices and future
climate-change scenarios.
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Table 3.1 Parameterizations of the relative soil gas diffusivity.
Parameterization

De / D0

Ta1.5

Source
Marshall, 1959

De / D0

T a3.1T r2

Millington & Quirk, 1960

De / D0

T a2T r2 / 3

Millington & Quirk, 1961

De / D0

T a2.5T r1

Moldrup et al., 2000

De / D0

T a2.5T r1.3

Bartelt-Hunt & Smith, 2002

De / D0

1.12T a2.13

Cannavo et al., 2006
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Table 3.2 Effective diffusion coefficients, gross N2O production rates, and
maximum N2O reduction rates estimated through metabolic modeling of incubations
of soil core sections collected prior to the first rainfall addition (Zheng & Doskey,
2014).

Depth

De

Gross N2O productiona Maximum N2O reductionb

(cm2s-1)

(ng cm-3s-1)

(ng cm-3s-1)

0-5 cm

0.0052

1×10-4

2.6×10-3

5-10 cm

0.0040

1×10-4

2.6×10-3

10-15 cm

0.0043

1.5×10-4

7×10-4

15-25 cm

0.0060

1.5×10-4

7×10-4

a

Production rate estimated in the presence of 2-5% (v/v) gas phase O2.
Maximum N2O reduction rate estimated under complete O2 depletion.

b
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Fig. 3.1 The coupled soil gas diffusion/denitrification modeling scheme for
simulating dynamics of N2O in the soil column. Average values of the effective
diffusion coefficients (D), N2O production rates (P), and maximum N2O reduction
rates (V) within each soil layer [i.e., L1 (0-5 cm), L2 (5-10 cm), L3 (10-15 cm), and
L4 (15-25 cm)] were used in the coupled model.
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Fig. 3.2 Temporal variations of the levels of extractable NO3- and EOC during the
field experiment. (Rainfall additions occurred 2 h prior to 0, 48, and 96 h and are
marked by dashed lines for the second and third rainfall simulations.)
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Fig. 3.3 Temporal variations of WFPS within 4 layers of the soil column during the
field experiment. (Rainfall additions occurred 2 h prior to 0, 48, and 96 h and are
marked by dashed lines for the second and third rainfall simulations.)
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Fig. 3.4 Temporal variations of N2O mixing ratios in soil gas within 4 layers of the
soil column during the experiment. (Rainfall additions occurred 2 h prior to 0, 48,
and 96 h and are marked by gray lines for the second and third rainfall simulations.)
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Fig. 3.5 Comparison of temporal variations of the model-simulated diffusive flux
(without considering production or reduction of N2O) from a soil depth of 5 cm with
the measured flux (R2=0.83). [The grey area represents the extent of model
simulations using minimum and maximum values of De estimated with the
Millington and Quirk (1960) and Marshall (1959) parameterizations, respectively.]
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Fig. 3.6 Diffusive flux (without considering production or reduction of N2O) from 4
layers of the soil column during the field experiment estimated with Bartelt-Hunt and
Smith’s (2002) soil gas diffusivity model ( De / D0
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T a2.5T r1.3 ).

Fig. 3.7 Simulations of the dynamics of N2O in soil gas during the field experiment
with the coupled soil gas diffusion/denitrification model (a) without and (b) with the
contributions of constitutive denitrification enzymes.
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Fig. 3.8 Simulations of the dynamics of N2O using the metabolic denitrification
model with different pool sizes of N2OR under constant O2 concentration (2% v/v).
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Chapter 4

Delayed synthesis of N2OR explains dynamics of N2O in agricultural
soil following rainfallIII
Jianqiu Zheng1 and Paul V. Doskey1,2,3*
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Precipitation is a major driver of nitrous oxide (N2O) production in soils and
episodic N2O emissions. Global climate models project an increased intensity
and magnitude of precipitation that will likely alter future N2O emissions. Thus,
advancing understanding of biological and physical regulators of N2O emissions
is needed to improve assessments of N2O inventories under future climate
change scenarios. A comprehensive field study of the response of soil processes
to a simulated precipitation event was combined with laboratory and modeling
experiments to examine biogeochemical regulators of N2O emissions from an
agricultural soil. Distinct regulation regimes for activities of pre-synthesized
and de novo synthesized denitrification enzymes were observed. The activity of
nitrous oxide reductase (N2OR) played a crucial role in regulating N2O fluxes.
The N2O dynamics following precipitation were accurately simulated with a
III
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coupled soil gas diffusion/denitrification model that included explicit
representation of denitrification enzyme kinetics and delayed N2OR synthesis.
Oxygen (O2) acted as the key regulator of enzyme kinetics and linked field
measurements with laboratory simulations. Incorporating representations of
denitrification enzyme kinetics driven by O2 tension in current soil N
transformation models would improve assessments of N2O emission inventories.

INTRODUCTION
Nitrous oxide (N2O) is a long-lived greenhouse gas and plays a leading role in
stratospheric ozone depletion1. Atmospheric N2O concentrations have increased by
21% following the onset of the industrial revolution2 and the trend is predicted to
continue into the future due to emissions from soil3. Global N2O emissions from
cultivated soils have been estimated at 4.2 Tg yr-1, which accounts for 50% of global
anthropogenic N2O sources4. Precipitation is a major driver of episodic emissions of
N2O from soil through regulation of microbial denitrification and soil gas
movement5. General circulation models forecast an increasing intensity and
frequency of heavy precipitation events for many parts of the world6, which is likely
to affect the pattern and inventory of N2O emissions at regional and global scales.
Simulations of N2O emissions using biogeochemical models like DAYCENT7,8,
DNDC9,10, DAISY11, and ECOSYS12,13 are in general agreement with low-temporal
resolution measurements of surface fluxes. However, the models have difficulty in
simulating the dynamics of N2O emissions following precipitation. Current models
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simulate the reduction sequence of denitrification through dual substrate (i.e., carbon
and electron acceptors) Monod growth kinetics with the onset of denitrification
occurring immediately upon suitable O2 tensions for anaerobic metabolism9,13.
However, there are lags between activation of different denitrifying enzymes14.
Activation of N2O reductase (N2OR) requires prolonged (20-40 h) anaerobic
conditions that lead to rapid accumulation of N2O15,16,17. Ignoring the lag time limits
the ability of current biogeochemical models to simulate the dynamics of N2O
emissions induced by precipitation. Kinetic information from ongoing studies of
denitrification enzymes, particularly N2OR, provide new representations of
denitrification kinetics that will improve the ability of current biogeochemical
models to simulate the complex dynamics of N2O emissions from soil and reduce
uncertainties in N2O emission inventories18.
DYNAMICS OF N2O FOLLOWING RAINFALL
Two pulses of N2O emissions were observed over a 24 h period following a 44
mm precipitation event during a 2010 pilot study of N2O emissions from an
agricultural field planted with soybeans. Emissions were 201, 116, and 178 g m-2 h1

at 6, 12, and 24 h, respectively, following the rainfall (Fig. 4.1a). The microbial

population regulates production and consumption of N2O, and thus, the denitrifier
abundance and activity are expected to be correlated with N2O emissions19.
However, significant growth was found 24 h after the rainfall (Table 4.S1). The first
N2O emission pulse at 6 h was not associated with microbial biomass growth and
was likely due to unbalanced N2O production and reduction. A simulation of
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sequential precipitation events was conducted at the same site in 201220 to
investigate the pattern of N2O emissions with greater temporal resolution and to
relate surface fluxes from the soybean surface to activities of the denitrifying
community. Simultaneous measurements of N2O mixing ratios in soil gas, surface
fluxes, and soil biogeochemical properties were made with fine temporal resolution.
Here we report results from (1) a comprehensive survey of microbial community
composition and functional gene abundances, nutrients, and O2 levels from a
simulation of sequential precipitation events, (2) a laboratory study of soil core
incubations and, (3) a modeling study to investigate regulators of microbial
production/reduction of N2O in soil and the resultant surface flux.
The surface flux of N2O following a single rainfall addition of 44 mm in 2 h
exhibited a two-pulse emission pattern that was similar to the temporal profile in
emissions observed after the natural rainfall (Fig. 4.1a). Maxima in N2O emissions
were 673 and 168 g m-2 h-1 at 4 and 36 h, respectively (p < 0.05). Levels of N2O in
soil gas increased rapidly from 0.56-0.90 ng cm-3 (about 310-500 ppbv) before the
rainfall addition to 35 ng cm-3 (about 19 ppmv) 4 h following the simulation and were
correlated with the surface flux. A decrease in the surface flux of N2O at 6 h (568 g
m-2 h-1) following the rainfall addition was concomitant with a decrease in mixing
ratios of N2O in soil gas (Fig. 4.1b). Mixing ratios of N2O in soil gas at depths of 10,
15, and 25 cm at 12-48 h following the rainfall addition were relatively invariant and
remained at ppmv levels. Mixing ratios at a depth of 5 cm during the same period
were much lower and followed the same trend as the diminishing surface fluxes.
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Estimates of the diffusive flux from soil derived from the gradient in N2O mixing
ratios between ambient air and a depth of 5 cm followed the same 2-pulse trend as
the measured surface flux (Fig. 4.S1). However, dynamics of the estimated diffusive
flux from deeper layers were distinct and suggested mixing ratios of N2O in soil gas
below 5 cm were more greatly influenced by microbial production and consumption
and longer residence times of N2O in the soil column.
MODELING OF N2O PRODUCTION AND REDUCTION
Soil cores collected before the rainfall addition were incubated under anaerobic
conditions and the dynamics of N2O production/reduction were examined with a
kinetic model17. A non-negligible contribution of denitrification activity from
constitutive denitrification enzymes (i.e., defined here as pre-synthesized or
constitutively synthesized denitrification proteome) was demonstrated by comparing
soil core incubations treated with and without chloramphenicol to inhibit de novo
synthesis of denitrification enzymes. The observed enzyme dynamics were explicitly
implemented in the denitrification kinetic model by introducing a dimensionless
factor to represent the pool size of active denitrification enzymes. Contributions from
constitutive denitrification enzymes normalized to microbial biomass increased with
soil depth and represented 23, 22, 48, and 78% of the total cumulative N2O
production during incubations of the 0-5, 5-10, 10-15, and 15-25 cm soil core
sections, respectively. Activity of N2OR in the soil core incubations was observed
about 6-24 hours later than the other three denitrification enzymes, i.e. nitrate
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reductase (NAR), nitrite reductase (NIR), and nitric oxide reductase (NOR), which is
in agreement with previous studies15,16.
The abundance of functional genes as proxies of microorganisms involved in
N2O production/reduction was quantified to further examine the dynamics of
denitrification enzymes. Total microbial biomass growth, which was quantified
through a correlation with phospholipid fatty acid (PLFA) content of soil21,
dramatically increased (p < 0.05) at 12 h following the rainfall addition and
decreased significantly with soil depth (p < 0.01). The nirK and nirS encoded 2 NIRs
that are structurally different but functionally equivalent, and thus, abundances of
nirK and nirS were used to evaluate organisms that can produce N2O through
denitrification. Organisms possessing the ability to reduce N2O were quantified by
targeting the nosZ gene22. Abundance of denitrification genes encoding NIR (nirK
and nirS) and N2OR (nosZ) were measured with real-time PCR assays [average
efficiencies were 92.22% (s.d.±2.43%), permitting direct comparison of results for
all targets]. The nirK + nirS was very persistent in the 15-25 cm soil core sections
(Fig. 4.2), which coincided with high denitrifying activity and led to N2O production
during the early stages of denitrification in the soil core incubations. Due to
persistence of nirK + nirS, the correlation between copy numbers of nirK + nirS and
microbial biomass was low (R2 =0.09); however, nosZ, which exhibits low
persistence, was correlated with microbial biomass (R2 = 0.54). Thus, quantification
of functional genes nirK, nirS, and nosZ from the field study was in agreement with

126

the laboratory incubations that indicated N2OR was not part of the constitutive
denitrification enzyme pool existing prior to rainfall addition.
A coupled soil gas diffusion/denitrification model was developed to simulate the
accumulation of N2O in the soil column in response to simulated rainfall in the
field20. Unlike the near-zero O2 concentrations in soil incubations, which ensured
steady synthesis of denitrification enzymes and the progress of denitrification, O2
levels in soil gas following a precipitation event are regulated by infiltration of
water, and thus, are highly dynamic. The O2 tensions likely inhibited expression of
denitrification genes and enzyme syntheses during the drying period after the rainfall
addition, particularly for N2OR, which is more sensitive to O2 levels than NAR, NIR,
and NOR. Rather than incorporate a reduction function in the coupled model, which
is an approach used in biogeochemical models to link actual and potential
denitrification rates, we estimated denitrification rates for the field experiment by
adjusting O2 tensions in simulations of the soil incubation studies with a metabolic
denitrification model (Fig. 4.S2)17. Activity of N2OR was severely depleted as O2
levels increased (Fig. 4.S3), which led to higher accumulations of N2O. Oxygen
exhibited a tight control on the activation and synthesis of N2OR and was the key
parameter that linked the denitrification and diffusion processes23.
Simulations with a coupled soil gas diffusion/denitrification model, which
includes N2O production and reduction, are shown in Fig. 4.3a. The dynamics of
N2O mixing ratios in soil 6-48 h after the rainfall addition agreed with the field
observations; however, rapid accumulation of N2O in soil gas within 6 h of the
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simulated rainfall were grossly underestimated. The 2-pulse pattern of N2O dynamics
in soil gas was accurately simulated by including representations of denitrification
activity associated with constitutive enzymes and growth of the microbial biomass
(Fig. 4.3b). Production and rapid accumulation of N2O in soil gas within 4 h of the
rainfall addition was attributed to activities of constitutive NAR, NIR and NOR and
a lack of N2OR activity that does not persist in aerobic soils. The dynamics of N2O in
soil gas after 4 h were regulated by N2O production/reduction activity associated
with biomass growth.
BIOTIC AND ABIOTIC CONTROLS ON DENITRIFICATION
Multivariate analysis also suggested distinct regulators for net production of
N2O that were associated with constitutive enzymes and the growing microbial
biomass (Fig. 4.4a). The net rate of N2O production within 4 h of the simulated
rainfall was highly correlated with levels of microbial substrates, i.e., extractable
NO3- and organic carbon (EOC; R2 = 0.91 and 0.73, respectively). Gene copy
numbers of nirK+nirS did not exhibit a correlation with changes in microbial
biomass; however, nosZ and microbial biomass were highly correlated (R2 = 0.82).
The results confirm the presence of constitutive denitrification enzymes and the lack
of N2OR during early stages of denitrification following anaerobiosis induced by the
precipitation event. Net production of N2O within 4 h of the simulated rainfall was
regulated by availability of NO3- and EOC to the constitutive denitrification
enzymes; however, the net N2O production rate at 6-48 h was under multiple biotic
and abiotic controls (Fig. 4.4b). Negative correlations of the net N2O production rate
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were found with microbial biomass (R2 = -0.60), water-filled pore space (WFPS; R2
= -0.55) and gene copy numbers of nosZ (R2 = -0.39), which confirms biomass
growth associated N2O reduction that was observed in the soil gas measurements and
coupled model simulations. Thus, first-order kinetics and biomass growth kinetics
can adequately forecast the net N2O production rate under the regimes occurring
within 4 h and 6-48 h, respectively, of the rainfall addition when dynamics of
dentrification enzymes are accurately simulated5,24.
Biogeochemical models like DAYCENT and DAISY represent soil N
transformation processes with first-order kinetic expressions and DNDC and
ECOSYS include explicit representations of microbial growth and Michaelis-Menten
reaction kinetics7,9,11,13,24,25. We applied DAISY and DNDC to predict the maximum
in N2O emissions following the simulated rainfall. Estimated peak fluxes were 345
and 255 g m-2 h-1 from DAISY and DNDC, respectively, which represented 51%
and 39% of the observed peak flux (Fig. 4.S4). The correlation between N2O
emission dynamics simulated by DAISY and DNDC and the observations (R2 = 0.04
and R2 = 0.06, respectively) were much lower than the correlation between emission
dynamics simulated by the coupled soil gas diffusion/dentrification model (R2=0.83).
Simulations of the 48-h cumulative N2O flux with DAISY, DNDC, and the coupled
model were 146, 90%, and 93% respectively of the measured flux, respectively. The
good agreement between DNDC and the coupled model appears to be coincidental.
Much higher levels of NO3-, which is a key substrate for denitrification, are predicted
by DNDC than the measured concentrations that were used to initialize the coupled
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model (Fig. 4.S4). A parameterization for the lag time between activation of
denitrification enzymes is not included in DNDC9, which grossly under-predicted the
surface flux of N2O attributed to constitutive enzymes. Simulations with the
metabolic denitrification model, which included (1) a time lag for N2OR activation
and (2) concurrent activation of NAR, NIR, and NOR, clearly demonstrated the
importance of the time lag in reproducing N2O dynamics in soil gas. Accumulation
of N2O was severely depleted when N2OR activity was coincident with activities of
NAR, NIR, and NOR (Fig. 4.5), however, N2O accumulations over 48 h in both
simulations were coincidently similar.
Delayed N2OR synthesis appears to be a common regulatory pattern among
denitrifiers. The subject study demonstrated the importance of delayed N2OR
synthesis in the dynamics of N2O in soils during the transition from aerobic to
anaerobic conditions induced by precipitation. Activities of constitutive NAR, NIR
and NOR, and a lack of N2OR exacerbated the lag effect between N2OR and the
other three enzymes, leading to rapid N2O accumulation during the first few hours
following the precipitation event. Thus, enzyme regulation, especially regulation of
N2OR, was demonstrated to be critical in accurately simulating N2O dynamics.
Mechanistic models that are driven by data consisting of temporal variations of
N2O fluxes are needed to develop land use and land management strategies to
mitigate climate change. Simulating episodic N2O emissions with next-generation
soil gas diffusion models, which include descriptions of the dynamics of enzyme
activation and activity in catalyzing sequential biochemical reactions, has been
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suggested as an approach to improve predictions of N2O emissions from soil5,18. The
subject study demonstrated that accurate simulation of the dynamics of N2O in soil
and surface fluxes is possible with a coupled soil gas diffusion/denitrification model
that includes explicit representation of denitrification enzyme kinetics and a
dimensionless factor to represent the initial activity of denitrification enzymes.

METHODS
The pilot study and the rainfall simulation experiment were conducted at the
AmeriFlux site in Bondville, Illinois (40°00ƍN, 88°18ƍW), which is the location of a
corn/soybean cropping rotation. No-till agriculture is practiced at the site and the
field was planted with soybeans during both experiments. A natural rainfall (44 mm)
occurred on 09 June 2010 and emissions and soil was sampled 12 h preceding the
event and 6, 12, and 24 h following the event. The rainfall simulation experiment
was conducted on 19 July 2012 using a continuous-spray, single-nozzle rainfall
simulator. A pulse of 44 mm of synthetic rainfall was delivered to a 1 m × 1 m plot in
2 h.
Measurements were made preceding the addition and at 0, 2, 4, 6, 12, 24, 36,
and 48 h after the rainfall addition. Emissions and both soil gas and soil (at depths of
5, 10, 15, and 25 cm) were collected during each sampling event20. Gas samples
were injected into pre-evacuated 5.9-mL Exetainers with double-wadded caps
(Labco International Inc., Houston, TX), pressurized to 203 kPa, and the puncture in
the septa sealed with silicone. Mixing ratios of N2O were quantified with a high131

resolution gas chromatograph with electron capture detector (HP5890; Hewlett
Packard, Palo Alto, CA). Soil core sections were transferred to 15-mL sterile plastic
tubes (Fisher Scientific, Pittsburgh, PA), flash-frozen in the field in liquid N2, and
transported to the laboratory in a liquid N2 dewar (PrincetonCryo, Flemington, NJ).
Subsamples of soil (3 g) were incubated under anaerobic conditions in 5 mL of
synthetic rainwater in 40-mL amber vials sealed with mininert valves (Sigma
Aldrich, St. Louis, MO). Samples included treatments with chloramphenicol (2.5 g
L-1) and acetylene (10% v/v) to inhibit protein synthesis and N2OR, respectively, to
develop representations of denitrification kinetics17. Subsamples of soil were also
analyzed to determine soil pH, WFPS, NO3- and EOC concentrations, and total
PLFAs. Soil DNAs were extracted using the PowerSoil® DNA Isolation Kit (MO
BIO Laboratories, Inc., Carlsbad, CA) and quantified using a Qubit® 2.0
Fluorometer (Life Technologies, Grand Island, NY). Abundances of functional gene
nirK, nirS, and nosZ were determined by qPCR using the SYBR Green approach. A
complete list of primers can be found in Table 4.S2.
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Figure 4.1 « Measurements of N2O fluxes and concentrations of N2O in soil gas.
a. Surface fluxes of N2O following a natural rainfall event in 2010 and after a
simulated rainfall in 2012. b. Concentrations of N2O in soil gas at depths of 5, 10,
15, and 25 cm following a simulated rainfall in 2012.
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Figure 4.2 « Temporal variations of PLFAs and denitrification genes with soil
depth. The PLFAs and gene copy numbers of nirK, nirS, and nosZ were determined
in soils sampled before the simulated rainfall in 2012 and at 0, 2, 4, 6, 12, 24, 36, and
48 h after the rainfall addition (i.e., sampling events 1-9, respectively, on the x-axis).
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Figure 4.3 « Simulations of the dynamics of N2O in soil gas with the coupled soil
gas diffusion/denitrification model. a. Model simulation including
parameterization for simultaneous activation of NAR, NIR, NOR, and N2OR. b.
Model simulation including parameterizations for constitutive denitrification
enzymes that lack N2OR activity and growth-associated denitrification activity with
synthesis of NAR, NIR, NOR, and N2OR.
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Figure 4.4 « Multivariate analysis of biotic and abiotic controls on net
production of N2O in soil. Multivariate analysis of constituents in soil core sections
sampled at 4 different depths a. At 0, 2, and 4 h following the simulated rainfall and
b. At 6, 12, 24, 36, and 48 h after the rainfall addition.
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Figure 4.5 « Simulations of the N2O accumulation in soil gas with the metabolic
denitrification model. Simulations were run (1) with concurrent activation of all
four denitrification enzymes and (2) with a maximum enzyme synthesis rate for
NAR, NIR, and NOR that was 40 times higher than the synthesis rate for N2OR.
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Table 4.S1 Biotic and abiotic properties of soil core sections sampled before and 6
and 24 h after the natural precipitation in 2010.

Sampling

Soil section

Time
Before

6h

24 h

WFPS

(cm)

NH4+

NO3-

-1

-1

EOC

PLFA
-1

(g g )

(g g )

(g C g )

(nmol g-1)

0-5

0.44

2.81

2.93

87.14

43.35

5-10

0.42

2.53

2.05

63.84

22.09

10-15

0.36

2.42

2.61

62.56

12.49

15-25

0.30

2.42

2.61

76.69

7.53

0-5

0.66

4.20

2.02

77.18

44.21

5-10

0.75

3.48

1.68

67.78

23.07

10-15

0.55

3.33

2.17

82.65

12.38

15-25

0.62

2.74

2.70

61.31

12.02

0-5

0.69

4.26

2.47

81.39

56.49

5-10

0.64

3.63

1.44

67.91

30.82

10-15

0.56

3.35

1.27

71.94

19.29

15-25

0.64

2.87

2.47

104.76

15.75
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Table 4.S2 Primers used in the subject study1,2,3.

Specification
Copper-containing

Primer
nirK876

Sequence (5’-3’)
ATYGGCGGVCAYGGCGA

Nitrite reductase

nirK1040 GCCTCGATCAGRTTRTGGTT

Cytochrome cd1

nirSF

AACGYSAAGGARACSGG

nitrite reductase

nirSR

GASTTCGGRTGSGTCTTSAYGAA

nitrous oxide

nosZ1F

WCSYTGTTCMTCGACAGCCAG

reductase

nosZ1R

ATGTCGATCARCTGVKCRTTYTC
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Figure 4.S1 « Diffusive flux from 4 depths in the soil based on Fick’s Law.
Effective diffusion coefficient ( De / D0 Ta2.5Tr1.3 ) estimated with Bartelt-Hunt and
Smith’s soil gas diffusivity model4.
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Figure 4.S2 « Simulations of the temporal variations of N2O concentrations in
soil gas. The N2O concentrations were estimated with the metabolic denitrification
model at constant concentrations of O2. Maximum synthesis rates of NAR, NIR,
NOR, and N2OR were parameterized according to the incubated soil cores sampled
prior to the rainfall simulation experiment at a depth of 0-5 cm5.
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Figure 4.S3 « Simulations of temporal variations of the relative pool size of
active N2OR. The relative pool size of active N2OR was simulated as a
dimensionless factor (from 0-1with 1 representing maximum activity) with the
metabolic denitrification model at constant concentrations of O2.
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Figure 4.S4 « Comparison of DNDC and DAISY model simulations with
measurements of the temporal variation in surface N2O flux and the estimated
diffusive flux from 0-5 cm belowground. Estimates of the temporal variation in soil
NO3- and EOC content between 0-25 cm belowground from DNDC and DAISY are
compared with the measurements.
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Chapter 5 Conclusions and Perspectives

Denitrification is the primary process for N2O production, and it is also only the
biological sink to remove N2O. The complexity of biotic and abiotic interactions on
the denitrification process requires better understanding of the microbial kinetics and
environmental regulations of denitrification. This work demonstrates that the highly
variable N2O dynamics is partly due to the unbalanced activities of denitrification
enzymes, which are controlled by multiple environmental signals. Constitutive
expression of denitrification enzymes independent of substrate induction plays an
important role in denitrification process and subsequent N2O: N2 product ratio.
Nitrous oxide reductase N2OR seems to be more fragile comparing to the other three
denitrification enzymes, as the its biosynthesis and maintenance of its activity
requires restrict environmental conditions. Development of metabolic model on
denitrification with explicit representation of denitrification enzyme kinetics is
proved to be a powerful tool for simulations of temporal N2O accumulations for both
the laboratory experiments and field observations. Implementation of such metabolic
models into current biogeochemical models is a promising way to accurately
simulate the dynamics of surface N2O fluxes.
Despite decades of research on N2O emissions, few tools are available for
mitigations, and one of the key solutions proposed for mitigation is to improve the
product stoichiometry of denitrification (N2O: N2) by focusing on the N2O-reducing
ability of the denitrifiers (Saggar et al., 2013, Thomson et al., 2012). Due to the
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nearly absent field observations on N2 emissions, biogeochemical models are the
dominant tool for evaluation on the product ratio of N2O: N2, but they are usually
associated with large uncertainties due to the inability to capture the emission
dynamics from the surface. Thus, new models with more elaborate and legitimate
representations of the microbiological basis of denitrification may improve the
performance of current models with greater certainty and potentially provide
mitigation options.
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Appendix A Weather data file for biogeochemical simulations
Data for the AmeriFlux Site in Bondville, Illinois is available for evaluation.
No-till agriculture has been practiced at the site for more than twenty years, with the
rotation of corn (C4) and soybeans (C3) annually since 2000. A National
Atmospheric Deposition Program Site near the Bondville AmeriFlux site is
maintained by the Illinois State Water Survey, monitoring on-site meteorology and
precipitation chemistry.
The climate at Bondville, IL is warm during summer and very cold during
winter. The warmest month of the year is July with an average maximum
temperature of 29.6 Ԩ, while the coldest month of the year is January with an
average minimum temperature of -9 Ԩ. The annual average precipitation at
Bondville is 41.06 Inches. Rainfall in is fairly evenly distributed throughout the year.
The wettest month of the year is May with an average rainfall of 4.80 Inches. The
field was planted with corn during 2005 and 2007, with soybeans during 2006 and
2008.
The AmeriFlux site is designed to provide a long-term continuous record of the
energy balance components for model testing and evaluation. Continuous monitoring
of carbon flux, energy balance, and weather conditions was initiated in 1996. The
vertical turbulent fluxes of CO2, sensible and latent heat are measured using the eddy
covariance method at a height of 10 m over a no-till maize and soybean rotation
ecosystem. The measurement is performed using a RM Young 81000 sonic
155

anemometer at 10 Hz. Soil heat flux is measured by The Hukseflux HFP01SC selfcalibrating heat flux sensor at 4 cm depth. The CNR1 net radiometer by Kipp &
Zonen was used to measure net radiation.
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